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ZVae  great  new  tool  of  the  scientist  is  seldom  found  merely  because  some  in- 
dividual is  bound  to  improve  what  exists;  more  often  it  comes  into  existe?ice 
because  of  a  need  for  it,  because  a  tough  scientific  problem  refuses  to  be  cracked 
otherwise. 

Vannevar  Bush 

Report  of  the  President,  1950 


But  as  from  the  extent  of  the  country  such  persons  are  widely 
separated,  and  seldom  can  see  and  converse  or  be  acquainted 
with  each  other,  so  that  many  useful  particulars  remain  uncom- 
municated,  die  with  the  discoverers,  and  are  lost  to  mankind;  it 
is,  to  remedy  this  inconvenience,  proposed, 

That  one  society  be  formed  of  virtuosi  or  ingenious  men,  re- 
siding in  the  several  colonies,  to  be  called  the  American  Philo- 
sophical Society,  who  are  to  maintain  a  constant  correspondence. 

Benjamin  Franklin 
Philadelphia,  May  14,  1743 


WE  take  for  granted  the  idea  that  individual  scientists  and  institu- 
tions are  part  of  a  larger  scientific  enterprise,  and  that  this  scientific 
enterprise  both  contributes  to  and  draws  sustenance  from  the  whole  nation 
and  society.  In  short,  our  sense  of  a  national  science  runs  deep.  It  is  an 
outlook,  however,  that  was  not  always  with  us;  indeed,  the  Carnegie 
Institution  contributed  importantly  to  its  emergence  in  this  century. 

Stirrings  of  a  national  spirit  in  science  were  seen  in  Benjamin  Franklin's 
1743  proposal  for  an  American  Philosophical  Society — an  association  in- 
tended to  link  men  of  inquiring  mind  throughout  the  colonies  and  con- 
tribute to  the  spread  of  their  ideas.  Mr.  Franklin's  society,  which  continues 
to  function  much  as  originally  conceived,  was  one  of  the  first  expressions 
of  nationhood  among  Americans.  But  perhaps  because  frontier  life  bred 
a  national  character  of  individualism  and  self-reliance,  our  people  became 
a  nation  in  spirit  very  slowly.  Whitfield  J.  Bell,  Jr.,  in  his  Towards  a 
National  Spirit,  tells  us  that  the  making  of  the  sense  of  nation  was  far 
from  complete  long  after  the  Revolution  and  was  indeed  the  gradual  work 
not  of  politicians  but  of  "the  people  themselves  at  their  daily  work." 


(Opposite)  Allan  Spradling  and  Gerald  Rubin  of  the  Department  of  Embryology  have  devised  a 
method  to  transfer  genes  into  the  cells  of  living  fruit  flies  (Drosophila)  and  their  descendants.  The 
method  employs  as  the  gene  carrier  certain  "transposable  elements" — segments  of  DNA  capable  in 
nature  of  attaching  at  different  locations  within  the  chromosomes.  The  gene  to  be  transferred  is  first 
inserted  within  the  transposable  element  by  recombinant  DNA  technology.  The  resulting  transposon 
is  then  injected  into  a  Drosophila  egg  cell.  In  panel  A,  photographic  grains  at  site  87D  indicate  the 
normal  location  on  the  chromosomes  of  a  gene  controlling  eye  color.  The  other  panels  show  chro- 
mosomes from  flies  with  nonfunctional  eye-color  genes  at  87D  after  injection  of  the  parent  with  a 
transposon  carrying  the  gene  for  normal  eye  color;  the  inserted  gene  is  at  the  sites  with  labels  other 
than  87D.  All  the  progeny  which  carry  the  transposon  now  exhibit  normal  eye  color,  demonstrating 
that  the  genetic  defect  has  been  corrected.  See  pp.  7-8. 
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Although  the  national  idea  in  science  was  scarcely  mature  in  1902,  it 
had  an  important  role  in  the  founding  of  the  Carnegie  Institution.  In  his 
Trust  Deed  endowing  the  Institution,  Mr.  Carnegie  wrote  that  his  chief 
purpose  was  to  secure  for  the  United  States  leadership  in  the  domain  of 
discovery.  He  bid  his  trustees  to  seek  out  and  support  exceptional  indi- 
viduals, toward  the  higher  goal  of  building  a  national  scientific  enterprise. 
In  their  recent  Science  in  America,  Nathan  and  Ida  Reingold  remind  us 
that  for  many  years  under  its  early  presidents  the  Institution  fulfilled 
exactly  this  charge.  Later  presidents,  then,  as  the  nation's  science  enter- 
prise took  strength,  took  yet  more  active  roles  as  leaders  in  national 
thinking  on  science  matters. 

These  perspectives  come  to  mind  in  preparing  this  annual  report,  pre- 
scribed in  the  By-Laws,  to  the  trustees  of  the  Institution.  Our  vision  must 
be  broad:  our  problems  and  aspirations  cannot  be  isolated  from  the  strengths 
and  needs  of  our  society,  and  our  effectiveness  in  the  future  will  surely 
depend  on  continuation  of  our  nation's  sense  of  community  with  its  sci- 
entists. 

Allow  me  to  begin  with  the  assurance  that  the  staff  of  the  Institution, 
augmented  by  nine  major  appointments  in  the  past  two  years,  has  main- 
tained its  program  of  research  and  publication  at  full  tide.  Despite  anx- 
ieties induced  by  the  world's  cloudy  economic  future,  serious  problems 
have  been  few,  perhaps  only  two.  First,  we  have  been  pressed  to  ensure 
that  opportunities  for  innovation  are  not  foreclosed  by  obsolete  instru- 
mentation. And  second,  we  remain  deeply  concerned  that  the  Institution 
continue  to  preserve  its  treasured  flexibility — the  flexibility  to  pioneer  in 
new  fields,  to  seize  unexpected  opportunities,  to  support  staff  members 
who  are  (as  Philip  Abelson  once  wrote  of  Merle  Tuve)  at  once  dreamers 
and  achievers. 

Both  problems  are  in  part  problems  of  resources,  and  both  merit  serious 
attention.  But  it  is  the  second  that  is  the  more  critical,  for  in  our  flexibility 
are  rooted  those  qualities  that  have  made  possible  the  Institution's  unique 
contribution  to  nation  and  society.  If  our  special  role  is  to  go  forward,  our 
flexibility  must  be  preserved,  strengthened,  and  used  in  harmony  with 
the  national  spirit  in  science  and  higher  education. 

I  should  distinguish  between  a  national  spirit,  or  outlook,  in  science  and 
the  national  science  policy.  The  former  has  lasting  cultural  and  philo- 
sophical roles;  the  latter  changes  with  each  administration's  perception  of 
changing  national  needs  and  as  federal  responsibilities  are  redefined.  Pres- 
ident Vannevar  Bush  in  1946  reckoned  that  the  hazard  to  basic  science 
was  not  so  much  of  material  impoverishment,  but  of  intellectual  and  spir- 
itual disparagement: 

In  this  country  in  particular,  the  popularization  of  science  has 
fed  us  with  the  spectacular  until  the  public  must  be  near  satiation, 
and  has  already  to  a  degree  served  to  obscure  from  the  less 
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thoughtful  the  deeper  significance  of  the  exploration  of  the  un- 
known— its  relevance  in  all  of  man's  earnest  ponderings  upon 
himself,  his  fellows,  his  environment. 

The  Institution  and  the  nation  today  face  many  of  the  same  problems 
described  by  Bush  in  1946.  What  fraction  of  the  country's  effort  in  research 
needs  be  devoted  to  national  security?  How  do  we  couple  most  effectively 
the  generation  of  knowledge  with  its  use?  How  do  we  preserve,  in  Bush's 
words,  "the  moral  and  intellectual  endorsement  of — the  search  for  truth?" 
And  finally,  and  perhaps  crucially,  to  what  extent  should  the  Institution 
participate  in  new  patterns  of  support  arising  out  of  the  new  partnership 
of  industry  and  the  universities? 

In  1946,  confronted  as  now  with  serious  budgetary  pressures,  the  In- 
stitution decided  to  economize,  focusing  all  its  income  on  research  in  its 
operating  departments  and  closing  out  its  then-modest  grants  program. 
The  Institution  also  decided  to  use  its  financial  reserves  for  nonrecurring 
items,  including  instrumentation  to  refurbish  its  departments.  But  it  was 
also  decided  not  to  augment  the  Institution's  income  with  funds  from  the 
federal  sources  then  being  developed,  in  the  belief  that  it  would  be  to  the 
advantage  of  the  country  that  there  be  a  national  institution  of  complete 
independence.  Thus,  the  possibility  of  the  "securing  of  new  money"  to 
finance  new  postwar  programs  was  found  unacceptable.  Likewise  the  pos- 
sibility of  securing  new  money  for  endowment,  which  might  have  further 
strengthened  the  Institution's  independence,  was  not  seen  as  a  viable 
alternative. 

Since  1978,  we  have  sharply  departed  from  these  policies.  In  the  fiscal 
year  ending  June  30,  1982,  34  percent  of  the  Institution's  expenditures 
were  provided  by  sources  beyond  the  income  from  our  own  endowment — 
21  percent  from  federal  agencies  and  the  remainder  from  private  foun- 
dations, corporations,  and  individual  donors.  This  "new  money"  has  en- 
abled us  to  stem  what  was  becoming  a  flood  of  red  ink.  We  continue  to 
widen  our  fund-raising  efforts  toward  the  purchase  of  badly  needed  in- 
strumentation and  additions  to  endowment.  We  are  now  working  to  raise 
$3  million  in  order  to  receive  another  $2  million  in  matching  grants.  The 
response  of  our  alumni — former  staff,  fellows,  and  employees — has  been 
in  some  cases  indeed  heart-warming,  especially  if  one  considers  that  sci- 
ence is  rarely  a  path  to  personal  wealth. 

Although  the  Institution  is  surely  less  independent  financially  than  in 
1946,  I  believe  we  are  no  less  independent  intellectually.  To  some,  this 
statement  may  seem  the  wishful  thinking  of  a  president  with  a  Hobson's 
choice  of  seeking  new  funds  or  presiding  over  a  steadily  contracting  in- 
stitution. But  the  extraordinary  contributions  from  each  of  our  Depart- 
ments in  the  past  few  years,  coupled  with  the  Institution's  recognition  by 
many  of  the  nation's  major  foundations,  makes  me  optimistic  that  we  can 
surmount  the  potentially  destructive  pressures  of  uncertain  federal  fund- 
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ing.  We  have,  after  all,  never  isolated  ourselves  intellectually  from  the 
larger  society  of  scholars,  private  citizens,  corporations,  and  members  of 
government. 

We  cannot,  however,  simply  disregard  the  possibility  that  federal  sup- 
port to  science  may  be  severely  altered  in  the  future.  It  is  true  that  the 
scientific  research  community  has  not  yet  been  threatened  directly  with 
the  pressures  faced  by  our  universities  and  colleges  by  "an  attitude  that 
believes  the  government  has  little  or  no  role  in  promoting  access  to  an 
education,  and  therefore  no  role  in  assisting  those  who  need  help — ,"  a 
threat  perceptively  stated  by  Yale's  A.  Bartlett  Giamatti  in  his  president's 
report  (May  1982). 

I  believe  that  as  a  matter  of  public  policy  the  government  in 
America  must  wish,  as  Thomas  Jefferson  wished,  to  have  an 
educated  citizenry  to  defend  and  cherish  a  free  republic.  I  think, 
therefore,  that  the  government  has  a  role  now,  as  it  had  a  role 
throughout  our  history,  in  promoting  access  to  education  by  peo- 
ple who  merit  it  and  desire  it.  Our  instincts  as  a  people  for  the 
good  of  education  and  for  education  as  a  means  to  the  good  cannot 
be  ignored  except  at  our  peril.  If  one  wishes,  as  I  do,  to  argue 
for  the  defense  of  America  and  of  her  freedoms  and  traditions  of 
liberty,  then  it  is  not  enough  to  spend  public  money  only  on 
armament;  we  must  spend  also  public  money  on  education,  or  the 
values  of  liberty  and  justice,  defined  and  strengthened  through 
education,  will  be  weakened  from  within.  There  is  no  point  to  yet 
another  missile  if  the  classroom  or  lecture  hall  it  guards  has 
decayed  and  the  values  education  transmits  have  lost  their  vi- 
tality. 

If  we  cannot  rely  on  the  nation's  historic  commitment  to  excellence  in 
education,  how  confident  can  we  be  that  in  a  time  of  fiscal  austerity  prior- 
ities in  the  federal  support  of  science  will  not  be  biased  strongly  toward 
fields  where  opportunities  for  the  coupling  of  research  and  technological 
innovation  are  particularly  timely,  to  an  extent  that  unfettered  funda- 
mental research  in  not-yet-fashionable  or  unfashionable  subjects  may  be 
precluded.  Here  the  question  is  rhetorical.  But  in  his  report  as  director 
of  the  Geophysical  Laboratory,  Hatten  Yoder  raises  it  more  specifically 
as  he  addresses  the  need  to  achieve  balance  between  high-risk  innovative 
research  and  the  development  of  the  data  base  essential  in  meeting  what 
he  perceives  to  be  a  serious,  long-range  national  problem  in  strategic 
nonfuel  mineral  resources. 

What  does  the  national  spirit  in 'science  mean  for  us  today? 

It  means  that  our  scientists  and  departments  are  part  of  a  larger  sci- 
entific enterprise,  whose  vigor  rests  fundamentally  on  the  strength  and 
the  confidence  of  the  whole  national  society.  The  data  from  our  great 
telescopes  and  pacesetting  laboratory  instruments  are  at  the  disposal  of 
others,  just  as  our  own  scientists  obtain  help  from  workers  elsewhere. 
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Our  research  ventures  are  conceived  and  carried  out  in  the  context  of 
work  at  other  institutions;  we  build  upon  knowledge  produced  elsewhere, 
and  we  ourselves  contribute  to  this  store. 

Nevertheless,  as  in  the  past,  the  Institution  has  a  special  obligation  to 
emphasize  research  that  might  otherwise  be  overlooked.  We  resolve  to 
preserve  the  Institution's  tradition  of  excellence  and  its  uniqueness  of 
organization;  we  will  depart  from  the  past  only  in  seeking  additional  sources 
of  funds,  as  a  means  of  responding  to  the  richness  of  new  opportunities 
that  will  surely  continue  to  emerge  at  ever-increasing  rate.  Our  commit- 
ment to  science,  as  an  enterprise  beyond  ourselves,  demands  no  less. 


THE  YEAR  IN  REVIEW 

(Science)  is  the  work  to  which  the  young  men.  .  .  should  lay 
their  hands.  We  have  spent  the  prime  of  our  lives  in  procuring 
them  the  precious  blessing  of  liberty.  Let  them  spend  theirs  in 
showing  that  it  is  the  great  parent  of  science  and  virtue;  and  that 
a  nation  will  be  great  in  both  always  in  proportion  as  it  is  free. 

Thomas  Jefferson 
1789 

The  full  range  of  the  Institution's  research  program  is  delineated  in  the 
reports  of  the  directors  of  our  several  Departments.  They  tell  the  Insti- 
tution's story  convincingly  and  reveal  the  extent  whereby  excellence  in 
research  requires  not  only  continuity  and  stability  of  funding  but  also 
breadth  of  objective,  clarity  of  definition,  and  intensity  of  application. 
Nowhere  are  these  qualities  more  vividly  demonstrated  than  in  Allan 
Spradling  and  Gerald  Rubin's  remarkable  discovery  of  the  genetic  trans- 
formation of  Drosophila  melanogaster  with  exogenous  genes. 

It  is  especially  telling  that  this  advance  occurred  in  the  Department  of 
Embryology,  which  has  long  been  in  the  forefront  of  research  on  the 
isolation  and  characterization  of  genes  and  on  the  mechanisms  regulating 
their  action.  Spradling  and  Rubin  have  devised  a  method  of  introducing 
purified  genes  into  the  egg  and  sperm  cells  of  living  fruit  flies.  As  the 
Department's  director,  Donald  Brown,  points  out,  the  application  of  this 
gene  transfer  technique  to  Drosophila  may  well  be  more  important  than 
would  be  its  application  to  any  other  animal  or  plant — at  least  for  the 
purpose  of  answering  basic  biological  questions.  For  more  than  fifty  years, 
Drosophila  has  been  the  choice  of  geneticists  for  many  technical  reasons, 
and  its  genes  have  been  mapped  extensively. 

The  gene  transfer  method  that  Spradling  and  Rubin  devised  depends 
upon  the  special  characteristics  of  certain  transposable  ("P")  elements 
present  in  some  but  not  all  strains  of  Drosophila.  When  these  unusual 
DNA  sequences  are  introduced  into  a  strain  that  does  not  contain  them 
(an  "M"  strain)  either  by  mating  the  strains  or,  as  in  Spradling  and  Rubin's 
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method,  by  injecting  the  element  in  its  recombinant  form  into  the  fertilized 
eggs,  the  "P"  elements  catalyze  their  own  transposition  into  chromosomes 
in  the  germ  cells.  Spradling  and  Rubin  discovered  that  genes  carried  with 
"P"  elements  are  also  transferred  into  the  host's  chromosomes.  In  their 
experiments,  they  spliced  the  rosy  gene  (for  normal,  wild-type  eye  color) 
into  a  P-element  transposon,  which  they  then  injected  into  the  embryos 
of  mutant  flies  with  brownish  eye  color.  Half  of  the  injected  animals  pro- 
duced progeny  with  normal-colored  red  eyes.  So,  too,  did  future  gener- 
ations. 

The  elegant  details  can  be  appreciated  by  geneticists  and  molecular 
biologists  alike,  who  will  recognize  in  the  technique  the  coupling  of  tra- 
ditional and  modern  molecular  genetics  for  the  introduction,  detection, 
and  characterization  of  genes.  One  can  now  study,  for  example,  a  spe- 
cialized gene  that  is  expressed  in  a  single  tissue  within  a  specified  time 
of  development:  The  gene  can  be  cloned  by  recombinant  DNA  method- 
ology, characterized  by  DNA  sequencing,  altered  specifically  by  mutations 
or  deletions,  and,  finally,  introduced  into  a  living  fly  by  the  gene  transfer 
method.  The  gene  enters  the  chromosomes  of  the  germ  cells  and  hence 
becomes  part  of  the  genetic  material  of  the  next  generation.  The  location 
of  any  new  gene  in  the  chromosomes  of  Drosophila  is  easy  to  map.  Now 
the  following  questions  can  be  pursued:  Does  its  location  affect  its  function? 
Which  DNA  sequences  in  and  around  the  gene  affect  its  tissue  specificity 
or  the  period  in  development  when  it  is  active?  The  method  may  even  be 
a  general  one  that  can  be  applied  to  many  different  organisms. 

Already,  Spradling  has  used  the  new  technique  in  his  studies  of  gene 
amplification,  an  important  but  little-understood  event  wherein  a  limited 
number  of  genes  are  increased  in  number  relative  to  the  remainder  of  an 
animal's  genome.  The  presumed  biological  purpose  of  gene  amplification 
is  to  augment  synthesis  of  one  or  more  specific  gene  products.  Several 
years  ago,  Spradling  presented  the  first  example  of  amplification  of  genes 
for  proteins  in  normal  development  in  his  study  of  the  chorion  genes  in 
follicle  cells  of  Drosophila.  Chorion  genes  amplify  manyfold,  but  only  in 
the  egg  cell  and  only  during  the  short,  critical  time  of  eggshell  formation. 
With  the  new  gene  transfer  method,  Spradling  is  attempting  to  localize 
specifically  the  genetic  regions  that  are  responsible  for  this  amplification 
and  to  understand  the  event  in  molecular  detail. 

At  the  Fore  in  Genetics  and  Cell  Communication 

The  gene  transfer  method  is  just  the  most  recent  demonstration  of  the 
immense  importance  in  biology  of  transposable  elements,  discovered  about 
35  years  ago  by  Barbara  McClintock  and  used  here  for  the  first  time  as 
a  tool  for  gene  transfer.  Transposable  elements  have  many  important 
effects  on  genes  when  they  are  located  near  or  within  genes.  Two  groups 
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at  the  Department  of  Embryology  currently  study  these  unique  DNA 
sequences.  Rubin  and  his  co-workers,  in  addition  to  characterizing  the 
"P"  elements  described  above,  have  concentrated  on  other  transposable 
elements  that  affect  the  well-known  white  locus  of  Drosophila.  Nina  Fe- 
doroff  and  her  colleagues  have  made  considerable  progress  in  the  char- 
acterization of  two  genes  in  maize  {waxy  and  shrunken  genes)  that  are 
known  to  be  affected  by  transposable  elements.  Molecular  probes  have 
now  been  obtained  and  the  gene  products  characterized.  Many  mutants 
that  affect  these  genes  can  now  be  characterized. 

Genetic  analysis  is  becoming  more  and  more  useful  in  studying  how 
individual  cells  communicate  and  interact  with  one  another.  Samuel  Ward 
and  Daniel  Burke  have  made  substantial  progress  characterizing  a  set  of 
specific  sperm  proteins  from  the  nematode  worm  Caenorhabditis  elegans. 
By  studying  how  individual  gene  products  act  during  development,  they 
hope  to  be  able  to  determine  the  morphology  of  sperm  cells.  They  have 
found  that  one  major  sperm  protein  seems  to  be  essential  for  the  move- 
ments of  sperm  required  for  fertilization.  Further,  they  have  found  that 
this  protein  is  encoded  by  one  or  more  members  of  a  multigene  family. 

Donald  Brown  and  his  colleagues  continue  to  probe  the  5S  RNA  genes 
in  Xenopus,  attempting  to  understand  the  control  of  one  simple  animal 
gene  system  in  very  great  detail.  They  have  determined  that  initiation  of 
RNA  transcription  depends  upon  the  interaction  of  a  specific  40-kd  protein 
with  a  DNA  sequence  within  a  gene's  internal  control  region,  the  exact 
location  of  which  they  discovered  several  years  ago.  Other  as  yet  uniden- 
tified molecules  react  with  these  two  components,  forming  a  stable  tran- 
scription complex.  The  discovery  of  the  40-kd  protein,  which  is  the  first 
and  to  date  the  only  example  of  a  gene-specific  positive  transcription  factor 
isolated  from  a  eukaryotic  source,  brings  them  one  step  closer  to  under- 
standing the  control  mechanisms  of  the  developmental  cycle. 

The  complementary  studies  of  Douglas  Fambrough's  and  Richard  Pa- 
gano's  groups  are  concerned  with  the  function  and  structure  of  cell  proteins 
located  within  cells  and  on  cell  surfaces.  A  series  of  monoclonal  antibodies 
directed  toward  cell-surface  proteins  have  provided  Fambrough  and  his 
colleagues  with  molecular  probes  for  a  variety  of  cell  proteins  with  dif- 
ferent cell  specificities  and  different  cellular  locations.  Of  particular  in- 
terest are  surface  proteins  whose  localization  is  the  same  as  some  known 
constituent.  For  example,  one  component  of  extracellular  matrix  co- 
localizes  with  the  acetylcholine  receptors  that  are  present  at  neuromus- 
cular junctions,  suggesting  that  these  two  substances  have  some  related 
function. 

The  important  enzyme  acetylcholinesterase,  which  plays  a  key  role  in 
nerve-muscle  contact,  is  a  complicated  protein  having  several  subunits 
and  important  modifications.  Richard  Rotundo's  experiments  find  a  cor- 
relation with  the  secretion  or  retention  of  the  enzyme  by  cells  with  the 
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kind  of  sugar  residues  that  modify  the  enzyme.  He  has  also  demonstrated 
differences  in  the  structure  of  the  enzyme  isolated  from  nerve  compared 
to  that  from  muscle. 

As  scanty  as  is  present  knowledge  on  proteins  in  membranes,  we  know 
even  less  about  the  sites  of  synthesis  of  lipids  and  their  translocation  into 
various  membranes.  Fluorescent  analogs  are  being  developed  by  Pagano 
and  his  colleagues  to  trace  the  movement  of  tagged  lipids  in  living  cells. 
Over  the  years,  they  have  worked  out  methods  for  synthesizing  these 
analogs  and  introducing  them  into  cells.  They  show  that  different  classes 
of  lipids  have  substantially  different  routes  to  their  final  cell  locations. 

There  is  no  single  study  on  the  regeneration  of  nerves  as  detailed  as 
that  of  Kenneth  Muller  and  his  colleagues  during  the  past  several  years 
using  the  simple  nervous  system  of  the  leech.  This  year,  they  describe 
the  limited  growth  of  isolated  enucleated  fragments  of  axons  at  both  cut 
ends.  Their  observation  suggests  an  unexpected  independence  of  an  axon 
from  its  cell  body  that  may  be  relevant  to  axon  regeneration.  Indeed, 
Muller  and  colleagues  have  evidence  that  these  axon  fragments  may  still 
be  capable  of  forming  synapses  even  though  they  have  no  nuclei. 

The  Department  of  Plant  Biology 

Each  year  I  approach  the  annual  reports  from  our  Departments  in  the 
same  way,  beginning  with  the  detailed  accounts  from  each  staff  member's 
laboratory,  and  only  then  turning  to  the  director's  overview.  In  this  way 
I  can  test  my  ability  to  measure  the  quality  and  value  of  a  line  of  work 
against  the  director's.  As  I  observed  just  last  year,  I  am  improving  in 
this  "competition"  very  slowly,  especially  in  astronomy  and  planetary 
science,  but  I  am  heartened  to  report  that  this  year  I  almost  succeeded 
in  matching  Winslow  Briggs'  assessment  of  findings  that  might  be  de- 
serving of  special  mention.  Among  them  is  the  successful  isolation  of 
membrane  vesicles  which  transport  the  plant  growth  hormone  (auxin)  both 
in  and  out  of  cells  of  coleoptiles,  stems,  and  roots.  Since  auxin  is  essential 
for  stem  elongation  in  general,  it  is  important  to  learn  how  it  is  moved 
from  the  regions  where  it  is  produced  to  relatively  distant  regions  where 
it  acts.  Through  the  efforts  of  Rainer  Hertel  and  Terri  Lomax-Reichert, 
it  is  now  possible  to  study  the  complete  transport  system  in  relatively 
purified  form.  Since  in  passing  through  a  plant  cell  the  hormone  must  both 
enter  and  exit,  it  is  clear  that  Hertel  and  Lomax-Reichert  have  succeeded 
in  isolating  both  components  at  once. 

One  of  the  most  surprising  recent  findings  at  the  Department  is  Dina 
Mandoli's  discovery  that  the  tissues  of  plants  grown  in  comparative  dark- 
ness are  very  effective  "light  pipes." 

Mandoli  has  for  several  years  been  studying  effects  of  light  on  coleoptile 
and  mesocotyl  elongation  in  etiolated  (grown-in-the-dark)  oat  seedlings. 
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Fig.  1.  In  experiments  conducted  in  total  darkness — without  the  green  safelights  customarily  used 
by  plant  researchers — Dina  F.  Mandoli  has  investigated  the  transmission  of  light  within  plant  tissues. 
In  the  oat  stem  shown  at  upper  left,  light  applied  at  the  lower  cut  end  is  piped  internally  and  can  be 
seen  in  the  cross-section  at  top.  Similarly,  in  the  corn  root  shown  at  upper  right,  light  is  internally 
transmitted  to  the  area  which  has  root  "hairs."  (Both  organs  are  about  1.0-1.5  mm  in  diameter.)  In 
both  cases,  light  is  transmitted  by  total  internal  reflection,  from  cell  to  cell  along  columns  of  daughter 
cell  lineages;  tissues  act  as  coherent,  multifiber  optic  bundles.  In  the  lower  photo,  the  illuminated 
corn  root  "hairs,"  which  are  extensions  of  individual  cells  of  the  root  epidermis,  show  that  single  cells 
are  capable  of  light  guiding.  Mandoli's  discovery  of  the  nature  and  extent  of  light  piping  makes  a 
significant  contribution  to  our  understanding  of  plant  growth  and  development.  During  these  exper- 
iments, Mandoli  was  a  Stanford  graduate  student  working  at  the  Carnegie  Department  of  Plant 
Biology  under  the  guidance  of  Winslow  Briggs. 
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Last  year,  attempts  to  localize  the  sites  of  photoperception  for  these  pro- 
cesses led  to  the  hypothesis  that  there  must  be  significant  light  guiding 
through  these  tissues.  There  seemed  no  other  simple  way  to  account  for 
the  pattern  of  responses  she  obtained.  This  year,  she  extended  her  studies 
to  analyze  the  light-guiding  properties  in  detail.  She  finds  that  each  lon- 
gitudinal column  of  cells  in  etiolated  tissues  serves  the  function  of  a  single 
fiber  in  a  commercial  fiber  optic  bundle,  that  there  is  a  surprising  degree 
of  coherence  in  image  transmission  from  one  end  of  a  piece  of  tissue  to 
another,  and  that  plant  tissues  show  a  well-defined  acceptance  angle.  (See 
Fig.  1.) 

Since  even  below-ground  portions  of  plants  can  respond  to  light,  as 
Mandoli  has  shown,  Briggs  remarks  that  there  may  be  a  great  deal  more 
in  the  way  of  photoregulation  of  seedling  development  than  was  imagined 
just  a  few  years  ago.  For  example,  roots  will  normally  not  respond  to 
gravity  unless  they  receive  a  tiny  amount  of  light.  Light  piping  from  the 
upper  portions  of  the  plant  almost  certainly  provides  some  information  as 
to  how  close  a  root  is  to  the  surface  and  hence  to  potential  desiccation.  In 
that  connection,  Mandoli  and  Briggs  have  begun  to  investigate  how  much 
light  is  transmitted  directly  through  soils.  They  find  that,  at  least  with 
certain  soils,  a  surprising  amount  of  light — enough  to  potentiate  the  roots 
to  turn  down  in  response  to  gravity — may  penetrate  more  than  two  cen- 
timeters. Thus  even  roots  too  far  from  the  stem  to  get  light  by  piping 
have  a  mechanism  to  avoid  the  surface  and  potentially  harmful  desiccation. 

In  detailing  the  mechanisms  of  how  plants  respond  to  light,  investigators 
at  the  Department  have  learned  a  great  deal  about  photoinhibition,  a 
phenomenon  whereby  the  photosynthetic  system  becomes  somehow  un- 
balanced. It  is  known  that  photosynthesis  is  driven  by  two  separate  re- 
action centers,  and  that  each  center  requires  light  of  different  color 
(wavelength).  In  order  for  the  whole  system  to  work  well,  the  rates  of 
the  two  centers  must  be  balanced.  If  the  plant  becomes  shaded  by  another 
plant,  the  relative  balance  of  energy  in  the  two  colors  is  suddenly  and 
drastically  changed  (e.g.,  more  red  is  taken  out  than  near-infrared),  and 
the  balance  is  upset.  David  Fork  and  Kazuhiko  Satoh  have  been  studying 
how  the  plant  is  able  to  divert  light  energy  normally  intended  for  one 
system  into  the  other  so  that  the  balance  is  maintained.  They  show  this 
year  that  some  of  the  pigment  molecules  almost  certainly  move  around  in 
the  membrane  in  order  to  dump  their  absorbed  energy  in  a  new  location. 

Sometimes,  a  plant  is  exposed  to  too  much  light,  with  more  light  coming 
in  than  can  be  handled  by  the  biochemical  machinery  of  the  cell.  Stephen 
Powles  and  Olle  Bjorkman  have  pioneered  in  showing  that,  in  some  cases, 
photoinhibition  can  involve  actual  damage  to  one  of  the  two  photosystems 
mentioned  above.  Further,  they  have  found  that  simple  water  stress  can 
lead  directly  to  photoinhibition,  an  observation  that  adds  yet  another 
dimension  to  our  understanding  of  the  process. 
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In  other  photosynthetic  studies  at  the  Department,  Joseph  Berry  and 
his  group  have  focused  their  attention  this  year  on  the  key  enzyme  involved 
in  the  actual  fixation  of  carbon  dioxide.  Berry  and  Jeffrey  Seemann  show 
that  this  enzyme  can  be  much  more  effective  in  one  plant  than  another — 
a  finding  that  is  quite  contrary  to  contemporary  wisdom.  Just  what  makes 
the  enzyme  from  spinach,  for  example,  work  considerably  better  than  that 
from  soybean,  is  a  question  that  can  now  be  addressed. 

Another  interesting  finding  from  Berry's  group,  by  John  R.  Coleman, 
Seemann,  and  Berry,  is  that  in  certain  algae  this  C02-fixing  enzyme  occurs 
"packaged"  in  a  very  special  way,  surrounded  by  a  membrane  which  does 
not  permit  oxygen  to  enter.  Since  oxygen  is  a  competitive  inhibitor  of  the 
enzyme,  effectively  blocking  C02  fixation,  these  particular  algae  are  able 
to  cope  handily  with  high  oxygen  concentrations  where  other  plants  would 
show  severe  inhibition.  The  result,  again,  is  an  increase  in  photosynthetic 
yield. 

Using  the  relatively  new  tools  of  molecular  biology,  William  Thompson's 
group  can  address  some  of  the  same  questions  being  asked  by  other  re- 
searchers at  the  Department — but  with  an  entirely  different  perspective. 
For  example,  in  studies  complementing  those  of  Briggs  and  Mandoli  on 
the  photoregulation  of  development,  Thompson  and  his  colleagues  have 
been  able  to  show  that  low  amounts  of  light  do  indeed  turn  on  certain 
genes,  turn  off  others,  and  increase  or  decrease  levels  of  activity  of  still 
others.  They  can  tell  in  a  few  cases  exactly  what  proteins  these  light- 
regulated  genes  produce,  and  can  now  begin  to  explore  the  programming 
machinery  that  determines  their  regulation. 

Thompson's  group  has  also  made  significant  progress  this  year  in  de- 
termining evolutionary  relationships  between  different  plant  species  and 
groups.  They  use  molecular  "fingerprinting"  techniques  to  study  the  ge- 
netic material  from  the  chloroplasts — those  structures  within  cells  that 
contain  all  of  the  plant's  photosynthetic  machinery.  The  techniques  should 
prove  of  great  value  in  tracing  genetic  lineages  among  species  of  cultivated 
plants  and  their  wild  neighbors.  Indeed,  the  techniques  have  already  been 
effectively  applied  by  the  group — predominantly  by  Jeffrey  Palmer,  to- 
gether with  colleagues  in  the  Genetics  Department  at  the  University  of 
California,  Davis — in  determining  the  precise  family  lineages  of  both  cul- 
tivated and  wild  tomato  species.  The  techniques  are  also  of  potential  value 
in  carrying  out  effective  plant  breeding  programs  with  economically  im- 
portant plants. 

The  Observatories 

We  think  that  the  Carnegie  Institution  might  do  well  to  en- 
courage a  greater  degree  of  cooperation  among  astronomers,  and 
we  believe  that  its  organization  and  scope  would  be  well  suited 
to  this  purpose.  There  are  large  fields  of  astronomical  work  in- 


lh  CARNEGIE    INSTITUTION 

volving  masses  of  observations  and  computation  which  cannot  be 
successfully  dealt  with  by  any  single  existing  observatory.  Nu- 
merous examples  of  effective  cooperation  upon  extensive  plans 
of  observation  are  to  be  found  in  recent  astronomical  work  .... 
In  order  to  produce  the  most  valuable  results  and  to  escape 
the  dead  level  mediocrity,  organization  must  leave  room  for  the 
exercise  of  individual  genius. 

Report  of  the  Advisory  Committee  on  Astronomy 

Edward  C.  Pickering,  Chairman 
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Our  staff  astronomers,  fellows,  and  visitors  continue  to  exploit  the  ex- 
cellent facilities  at  Mount  Wilson,  Las  Campanas,  and  Palomar.  Telescope 
time  at  all  three  sites  is  allocated  by  a  joint  Carnegie-CalTech  committee 
on  the  basis  of  the  scientific  merit  of  the  proposed  work.  Once  again  this 
year,  the  ingenuity  of  the  people  of  both  institutions  in  devising  new 
auxiliary  instrumentation  for  use  with  the  large  telescopes  is  strongly 
evident. 

George  Preston  opens  his  report  as  director  of  Carnegie's  Mount  Wilson 
and  Las  Campanas  Observatories  by  describing  the  Institution's  tradition 
of  supporting  major  survey  and  search  programs.  Such  extended  endeav- 
ors have  provided  basic  data  used  by  astronomers  worldwide  to  solve 
important  problems  of  galactic  structure,  stellar  evolution,  and  observa- 
tional cosmology.  Preston  remarks  that  this  tradition  continues  at  the 
Institution's  Observatories,  and  he  counts  no  fewer  than  six  major  search 
or  survey  programs  in  progress:  a  systematic  search  for  Virgo  cluster 
members,  two  major  radial  velocity  surveys  of  galaxies,  two  major  pho- 
tometric studies  of  the  Galactic  halo,  and  a  quasar  search  program.  Two 
completed  surveys  are  leading  to  the  preparation  of  catalogs.  In  addition, 
two  long-range  monitoring  programs  devoted  to  investigations  of  solar 
phenomena  and  stellar  activity  are  in  progress.  The  ability  to  allocate 
adequate  telescope  time  to  such  tasks,  often  over  extended  periods,  is 
one  of  the  Observatories'  greatest  assets. 

A  recent  development  in  the  stellar-activity  program  is  worthy  of  special 
notice.  In  Year  Book  80,  Arthur  Vaughan  described  a  method  whereby 
rotation  periods  of  lower-main-sequence  stars  are  determined  from  the 
observed  modulation  of  a  chromospheric  emission  index.  Now,  Robert  W. 
Noyes  (Harvard-Smithsonian  Center  for  Astrophysics)  and  Vaughan  re- 
port that  they  have  discovered  a'  relation  between  rotation  period,  mean 
level  of  chromospheric  flux,  and  B  —  V  color.  The  relation,  appropriately 
calibrated,  predicts  rotation  rates  remarkably  well.  Periods  of  rotation 
can  thus  be  determined  without  the  necessity  of  measuring  chromospheric 
flux  over  prolonged  time.  If  future  work  confirms  the  validity  of  this 
relation,  a  powerful  tool  will  be  available  for  the  study  of  stars  similar  in 
age  and  physical  characteristics  to  our  Sun. 
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Observational  Cosmology.  Scientists  yet  do  not  agree  on  such  basic 
questions  as  the  age  and  size  of  the  universe,  the  rate  of  deceleration  of 
its  expansion,  and  whether  or  not  the  expansion  will  continue  forever.  It 
has  been  known,  for  example,  from  the  work  of  Edwin  Hubble  and  Milton 
Humason  at  Mount  Wilson  in  the  1920's,  that  distances  to  nearby  galaxies 
are  in  near-linear  proportion  to  their  velocities  from  us  (as  measured  by 
the  displacement,  or  redshift,  of  their  spectra  seen  by  us).  But  the  cali- 
bration of  this  relation — the  value  of  the  coefficient  converting  velocity 
to  distance,  the  so-called  Hubble  Constant — remains  highly  controversial. 
Its  solution  requires  determining  distances  to  galaxies,  generally  by  es- 
timating absolute  magnitudes  and  comparing  them  with  apparent  mag- 
nitudes as  seen  by  us.  The  reciprocal  of  the  Constant  represents 
approximately  the  age  of  the  universe. 

In  about  1963,  Allan  Sandage  and  his  colleague,  Gustav  Tammann  of 
the  University  of  Basel,  began  a  systematic  assault  upon  the  Hubble 
Constant.  They  recalibrated  the  period-luminosity  relationship  for  Ce- 
pheid  variable  stars  (the  agreed  basic  standard  candle  for  distance  mea- 
surements to  nearby  galaxies),  and  they  used  the  Cepheids  for  calibrating 
a  new  basic  standard  candle — a  galaxy's  brightest  red  supergiant  star. 
This  step  greatly  enlarged  the  number  of  galaxies  subject  to  measurement, 
as  the  supergiants,  being  more  luminous,  were  more  easily  resolved,  or 
isolated,  within  the  light  from  a  galaxy  than  were  the  Cepheids.  By  1976, 
Sandage  and  Tammann  reported  their  new  value  for  the  Hubble  Constant, 
H0  =  —50,  a  value  equivalent  to  an  age  of  the  universe  of  19  billion  years, 
an  age  much  greater  than  that  determined  by  Edwin  Hubble  earlier  and 
one  consistent  with  evidence  from  isotopic  studies  and  the  age  of  globular 
clusters  in  our  Galaxy.  The  achievement  was  a  monument  to  careful  schol- 
arship; the  depth  and  care  of  the  work  went  beyond  any  previous  venture 
of  similar  purpose.  But  the  story  was  far  from  over. 

Other  scholars  in  recent  years,  building  upon  the  Sandage-Tammann 
work,  have  reached  quite  different  values  for  the  Hubble  Constant.  One 
team,  for  example,  using  a  method  based  on  a  galaxy's  rotational  velocity 
as  an  indicator  of  its  absolute  infrared  luminosity,  reached  H0  =  95,  equiv- 
alent to  an  age  of  the  universe  of  about  10  billion  years.  In  response, 
Sandage  and  Tammann  reopened  their  grand  assault;  they  recalibrated 
their  older  work  and  now  report  their  success  in  developing  still  another 
distance  yardstick — one  that  again  extends  measurements  still  further  in 
space.  The  new  standard  candles  are  type  I  supernovae,  which  are  re- 
solvable at  great  distances  because  of  their  very  high  luminosities.  San- 
dage and  Tammann  first  obtained  distances  to  the  galaxies  IC  4182  and 
NGC  4214  by  means  of  fresh  calibrations  of  Cepheids  and  red  supergiants. 
Both  galaxies  contained  a  well-studied  type  I  supernova,  so  that  a  value 
for  absolute  supernova  magnitude  could  be  established. 
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To  confirm  that  the  maximum  luminosities  of  all  supernovae  are  roughly 
the  same,  Sandage  and  Tammann  used  redshift  and  apparent  magnitude 
data  for  sixteen  other  supernovae  in  various  galaxies.  The  velocity  versus 
apparent  magnitude  plots  fell  along  an  approximate  straight  line  (see  Fig. 
2),  indicating  that  the  apparent  magnitudes  represented  distances  and  the 
absolute  magnitudes  were  approximately  uniform.  Then,  using  the  value 
of  absolute  magnitude  established  with  IC  4182  and  NGC  4214,  the  plots 
were  converted  to  a  true  Hubble  diagram  of  velocity  versus  distance,  with 
a  slope  H0  =  50,  the  same  value  obtained  by  Sandage  and  Tammann 
earlier. 

Further  indication  of  uniformity  among  type  I  supernovae  came  from 
another,  fortuitous  set  of  circumstances.  Within  the  space  of  three  weeks 
in  1981,  three  fresh  supernova  explosions  were  observed,  two  in  the  el- 
liptical galaxy  NGC  1316  and  another  in  the  spiral  NGC  4536  in  the  Virgo 
cluster.  S.  Eric  Persson,  collaborating  with  Jonathan  Elias  and  Jay  Frogel 
(Cerro  Tololo  Inter-American  Observatory)  and  John  A.  Hackwell  (Uni- 
versity of  Wyoming),  obtained  detailed  infrared  light  curves  with  the 
Cerro  Tololo  and  Las  Campanas  telescopes.  Shifting  the  three  curves  to 
a  common  starting  time  and  superposing  them,  they  obtained  a  single 
uniform  curve  with  dispersion  less  than  the  observational  errors,  over  an 
interval  of  100  days  of  supernova  activity.  In  each  case,  a  distinct  sec- 
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Fig.  2.  The  apparent  magnitude  versus  velocity  diagram  for  sixteen  type  I 
supernovae  at  maximum  blue  light.  The  Virgo  cluster  point  contains  six  super- 
novae, the  Coma  cluster  point  contains  five.  The  close  agreement  of  the  points 
with  the  line  (slope  5)  certifies  type  I  supernovae  as  standard  candles. 
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ondary  maximum  was  seen  some  thirty  days  after  the  primary  maximum 
magnitude,  a  phenomenon  not  previously  seen  at  other  wavelengths.  The 
energy  distributions  were  also  remarkably  similar.  These  results  provide 
strong  evidence  that  the  physical  processes  at  work  in  all  three  supernovae 
are  much  alike,  and  that  type  I  supernovae  represent  a  critical  phenom- 
enon (i.e.,  identically  made  bombs)  with  nearly  the  same  detonating  ener- 
gies. 

Yet  another  potential  standard  candle,  proposed  by  Sandage  and  others, 
is  the  brightest  galaxy  of  a  rich  cluster.  If  the  brightest  galaxy  in  a  cluster 
is  of  roughly  equal  luminosity  to  the  brightest  in  others,  as  Sandage's 
1956-1970  studies  of  nearby  clusters  indicated,  then  distances  could  be 
dependably  calculated  to  extremely  remote  galaxies  and  evidence  would 
be  at  hand  as  to  the  deceleration  of  the  expansion  over  great  time.  But 
such  an  approach  requires  knowing  how  clusters  and  galaxies  change  as 
they,  and  the  universe,  age.  Alan  Dressier  and  James  E.  Gunn  (Princeton 
University)  have  begun  investigating  populations  of  extremely  distant 
clusters,  in  effect  looking  very  far  back  in  cosmological  time.  Recently 
they  have  obtained  spectra  of  26  galaxies  in  the  remote  3C  295  cluster, 
employing  with  the  200-inch  Palomar  telescope  a  new,  highly  efficient 
charge-coupled  device  (CCD)  developed  by  Gunn  and  James  A.  Westphal 
(CalTech).  After  eliminating  foreground  and  background  objects  (by  means 
of  redshift  measurements),  they  found  that  the  percentage  of  blue  galaxies 
(which  have  much  active  star  formation)  in  3C  295  is  similar  to  that  in 
nearby  (present-day)  clusters,  thereby  contradicting  earlier  results  by 
other  investigators.  However,  of  the  six  blue  galaxies  found,  all  are  of 
types  quite  different  from  those  most  common  in  nearby  galaxies:  three 
have  the  spectra  of  active  galactic  nuclei,  and  two  of  these  are  of  the  very 
energetic  Seyfert  type.  It  thus  appears  that  Dressier  and  Gunn  have 
detected  evidence  of  galaxy  evolution  (i.e.,  changes  in  galaxy  chemical 
structure  over  time).  In  planning  further  investigations,  they  envision 
pushing  back  still  deeper  in  time,  perhaps  to  half  the  age  of  the  universe. 

Extragalactic  Studies.  A  principal  aim  in  preparing  A  Revised  Shapley- 
Ames  Catalog  of  Bright  Galaxies  was  to  obtain  large-scale  photographs 
of  the  Shapley-Ames  galaxies  in  order  to  reexamine  the  Hubble  sequence 
of  classification  in  view  of  proposals  that  SO  and  anemic  spirals  comprise 
a  separate  parallel  sequence  formed  by  the  stripping  of  gas-rich  systems 
by  collisions.  A  study  of  this  rich  plate  material  by  Sandage  shows  that 
there  is  no  sequence  of  SO  galaxies  that  parallels  normal  Sa,  Sb,  and  Sc 
spirals.  The  disk  surface  brightness  of  each  SO  photographed  is  much 
brighter  than  those  of  Sb  and  Sc  galaxies  and  somewhat  brighter  than  Sa 
systems.  The  SO's  lie  at  the  end  of  a  continuum  for  which  the  order  of 
increasing  disk  surface  brightness  is  Sd,  Sc,  Sb,  Sa,  SO.  Sandage  concludes 
that  SO's  cannot  be  produced  by  stripping  gas  from  normal  spirals,  and 
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he  favors  the  hypothesis  that  disk  surface  brightness  depends  on  the 
fraction  of  gas  converted  to  stars  during  halo  collapse. 

Studies  of  the  distributions  of  stellar  populations  in  external  galaxies 
can  be  useful  in  investigating  hypotheses  of  the  chemical  evolution  of  our 
own  Galaxy.  In  their  continuing  study  of  color  gradients  in  the  spheroids 
of  edge-on  spirals,  Leonard  Searle  and  P.  C.  van  der  Kruit  (University 
of  Leiden)  now  report  results  for  NGC  7814.  The  light  distribution  in  the 
spheroid  is,  in  Searle's  words,  "as  simple  as  it  could  be."  Colors  become 
bluer  with  increasing  radius  but,  remarkably,  lines  of  equal  light  intensity 
in  three  colors  and  at  all  radii  are  symmetrically  flattened,  as  are  lines  of 
constant  color.  Searle  points  out  that  these  observations  contradict  the 
predictions  of  models  based  on  the  notion  of  a  chemically  homogeneous 
contracting  gaseous  proto-galaxy,  but  that  they  could  be  understood  if 
the  early  proto-galaxy  already  had  a  spatial  abundance  structure. 

Interstellar  Chemistry.  Clues  to  conditions  in  interstellar  regions  and 
near  recently  formed  stars  may  be  offered  by  various  strong  emission 
features  that  stand  out  against  the  infrared  continuum  (between  2  and  10 
\xm).  The  spectrum  of  HD  97048,  a  pre-main-sequence  star  lying  in  a 
reflection  nebula,  contains  a  strong  emission  feature  at  3.5  |xm.  The  fea- 
ture, so  far  unique  to  this  source,  has  been  attributed  to  solid  formaldehyde 
(H2CO)  on  the  basis  of  its  approximate  wavelength  coincidence  with  that 
of  the  stretching  modes  of  the  carbon-hydrogen  molecular  bond.  High- 
resolution  profiles  of  this  3.5-jxm  feature  have  been  measured  by  S.  Eric 
Persson  and  Thomas  Geballe,  with  their  cold-grating  spectrometer  on  the 
du  Pont  telescope.  The  similarity  of  the  profile  structures  to  those  pro- 
duced in  the  laboratory  by  H2CO  embedded  in  matrices  of  solid  nitrogen 
and  argon  at  low  temperatures  (22  K)  strongly  support  the  formaldehyde 
identification.  Persson  speculates  that  we  are  witnessing  a  transient  phase 
of  pre-main-sequence  evolution  where  physical  conditions  somehow  permit 
H2CO  to  be  excited  in  grains  surrounding  the  star  without  becoming 
photodissociated. 

Astronomy  at  the  Department  of  Terrestrial  Magnetism  (DTM) 

A  satisfying  development  in  recent  months  has  been  increased  associ- 
ation between  our  "East  Coast"  astronomers  at  DTM  and  the  members 
of  our  Mount  Wilson  and  Las  Campanas  Observatories.  Three  DTM  staff 
members  now  hold  appointments  as  adjunct  staff  members  at  the  Obser- 
vatories, and  one  of  them,  Vera  Rubin,  serves  on  the  joint  Carnegie- 
CalTech  allocations  committee.  The  trend  is  remindful  of  the  postwar 
partnership  between  DTM  and  Pasadena  in  the  development  of  electronic 
image  tubes  for  large  telescopes,  and  it  suggests  fresh  observing  oppor- 
tunities for  the  DTM  group.  Indeed,  in  reading  the  reports  of  the  two 
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directors,  it  is  unmistakable  that  there  is  much  commonality  in  the  ques- 
tions being  addressed  by  the  two  groups. 

Like  Alan  Dressier  at  Pasadena,  for  example,  David  Koo  at  DTM  asks 
how  galaxies  form  and  evolve  by  using  the  telescope  as  a  time  machine, 
enabling  him  to  look  back  into  the  much  earlier  universe.  Koo  reports  the 
first  results  of  a  major  survey  of  the  characteristics  of  extremely  faint 
galaxies,  mostly  objects  being  observed  as  they  were  from  3.5  to  7  billion 
years  ago,  about  a  third  the  age  of  the  universe.  Koo  and  his  collaborator, 
Richard  Kron  of  Yerkes  Observatory,  have  obtained  a  catalog  of  over 
10,000  of  these  galaxies.  Multicolor  and  spectroscopic  measurements  per- 
mit them  to  separate  the  effect  of  redshift  from  the  intrinsic  color  of  the 
galaxy;  the  latter  property  is  relevant  in  determining  the  extent  to  which 
the  galaxy  has  evolved.  Their  preliminary  results  are  best  fit  by  models 
wherein  galaxies  are  formed  in  a  low-density,  forever-expanding  universe, 
and  evolve  in  both  color  and  luminosity. 

Indeed,  the  major  program  of  the  DTM  astronomy  group — obtaining 
rotational  velocity  data  for  a  large  sample  of  galaxies  and  relating  these 
data  to  other  properties  of  galaxies — bears  directly  on  the  distribution  of 
mass  in  the  universe  and  therefore  on  the  fundamental  questions  in  cos- 
mology studied  by  Sandage  and  his  colleagues.  This  year  the  data  analysis 
at  DTM  has  been  extended  to  include  Sa  spiral  galaxies.  These  are  found 
to  exhibit  the  same  phenomenon  reported  earlier  for  Sb  and  Sc  spirals, 
namely  that  rotational  velocity  does  not  drop  off  at  the  edge  of  the  visible 
galaxy  but  continues  to  rise  or  at  least  remains  flat.  This  again  implies 
the  existence  of  large  amounts  of  "unseen  mass,"  in  the  form  of  some  sort 
of  halo  surrounding  the  visible  galaxy. 

The  DTM  observations  have  now  been  extended  to  include  galaxies 
occurring  in  clusters.  It  might  have  been  expected  that  interactions  re- 
sulting from  the  smaller  separations  between  cluster  galaxies  would  re- 
move some  of  the  halo  mass.  No  effect  of  this  kind  was  found.  Cluster 
galaxies  exhibit  rotation  curves  and  mass  distributions  similar  to  those  of 
isolated  galaxies. 

Also  related  to  the  distribution  of  mass  in  the  universe  is  the  work  of 
Linda  Schweizer  on  the  mass-to-light  ratios  of  galaxies,  as  determined  by 
the  orbits  of  gravitationally  bound  pairs  of  galaxies.  She  finds  surprisingly 
high  mass-to-light  ratios,  suggesting  the  existence  of  even  more  unseen 
mass  than  that  found  from  rotational  velocity  data  for  individual  galaxies. 
Even  so,  the  quantity  of  nonluminous  mass  still  falls  short  of  that  required 
to  reverse  the  expansion  of  the  universe. 

Collisions  and  Mergers  of  Galaxies.  The  earliest  observers  viewing  the 
external  galaxies  recognized  obvious  differences  between  the  rapidly  ro- 
tating spirals  and  the  slowly  rotating  ellipticals.  Astronomers  have  still 
not  decided,  however,  whether  the  two  galaxy  types  both  existed  in  pri- 
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mordial  times  soon  after  the  start  of  the  expansion  of  the  universe  or 
whether  the  distinction  arose  as  a  consequence  of  interactions  in  the  bet- 
ter-behaved, more-recent  universe.  A  solution  will  be  a  major  step  in 
understanding  the  nature  and  evolution  of  the  universe. 

Francois  Schweizer  describes  observational  and  theoretical  evidence 
supporting  the  view  that  elliptical  galaxies  are  the  results  of  collisions  and 
mergers  of  disk  galaxies.  He  suggests  that  typical  ellipticals  may  contain 
the  remnants  of  from  four  to  ten  disk  galaxies  that  have  accumulated  since 
galaxy  formation  began.  His  evidence  consists  of  cases  where  the  merger 
is  so  recent  that  obvious  remnants  of  the  two  colliding  disk  systems  are 
still  visible;  also  evident  are  subtle  "ripples,"  recently  shown  by  A.  Toomre 
at  MIT  to  be  an  expected  consequence  of  collision  between  a  disk  galaxy 
and  a  preexisting  larger  elliptical. 

In  a  separate  but  related  report,  Francois  Schweizer,  Vera  Rubin,  and 
Bradley  Whitmore  describe  observations  of  peculiar  spindle  galaxies — 
disk  galaxies  that  exhibit  rings  of  luminous  material  at  near  right  angles 
to  the  plane  of  the  disk.  Schweizer,  Rubin,  and  Whitmore  suggest  that 
the  rings  are  again  a  result  of  collision  and  merger  of  galaxies.  They 
propose  that  a  small  gas-rich  galaxy,  upon  encountering  a  larger  disk 
galaxy,  has  been  gravitationally  captured  and  disrupted  into  a  near-polar 
orbit.  Theoretical  calculations  by  G.  F.  Simonson  at  Yale  have  shown  that 
these  nearly  perpendicular,  capture  orbits  are  unusually  stable,  and  hence 
will  be  relatively  frequently  observed. 

Earth  and  Planetary  Studies  at  DTM 

Scientific  knowledge  and  current  research  activity  are  today 
so  broad  and  yet  so  intensive  that  no  one  individual  finds  in  himself 
all  the  information  and  all  the  stimulus  needed  to  go  ahead  ef- 
fectively, even  on  one  narrow  front  of  interest,  and  it  is  natural 
for  a  loose  and  free  association  into  small,  informal  groups  to 
occur  among  like-minded  colleagues. 

Merle  A.  Tuve 
Year  Book  57 

In  his  introduction  to  this  year's  report,  George  Wetherill  singles  out 
the  discovery  of  the  radioisotope  beryllium- 10  in  recently  erupted  lavas, 
by  Louis  Brown,  Fouad  Tera,  I.  Selwyn  Sacks,  and  their  collaborators 
Roy  Middleton  and  Jeffrey  Klein  at  the  University  of  Pennsylvania.  Weth- 
erill observes  that  part  of  the  beauty  of  the  discovery  is  the  way  a  single 
measurement  illustrates  so  much  of  the  plate  tectonic  story. 

10Be,  a  radioisotope  with  a  half-life  of  1.5  million  years,  is  produced 
naturally,  high  in  the  atmosphere,  by  bombardment  of  atmospheric 
nitrogen  and  oxygen  by  energetic  cosmic  ray  protons.  It  is  brought  to  the 
Earth's  surface  attached  to  dust  grains  present  in  raindrops.  It  settles  to 
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the  ocean  bottoms,  where  it  enters  the  thin  layer  of  mud  at  the  seafloor. 
These  oceanic  sediments  are  then  slowly  but  inexorably  carried  along  with 
the  motion  of  the  75-km-thick  plates  of  oceanic  lithosphere  to  subduction 
zones,  where,  as  part  of  the  mantle  convection  system,  the  entire  litho- 
spheric  plate  plunges  deep  into  the  Earth's  mantle.  10Be  is  also  carried 
down  with  the  plate. 

Many  of  the  Earth's  volcanoes  are  situated  where  the  surface  is  about 
100  km  above  these  downgoing  plates.  Some  of  the  material  from  the 
plate,  including  some  10Be,  becomes  mixed  with  the  magma  which  flows 
as  lava  up  to  the  surface.  This  journey  of  10Be — from  seafloor  to  subduction 
zone  to  volcanic  lava — summarizes  much  of  plate  tectonics  and  geochemical 
cycling. 

The  10Be  measurements  also  provide  quantitative  data  regarding  a  ma- 
jor geochemical  question — the  role  of  subducted  oceanic  material  in  the 
formation  of  continental  and  island  arc  land  masses.  Clear  indication  of 
10Be  is  found  in  thirteen  of  the  fifteen  island  arc  volcanic  rocks  measured. 
No  significant  quantities  of  10Be  are  found  in  the  three  active  samples  that 
are  not  associated  with  subducted  lithosphere,  for  example  from  Kilauea 
in  Hawaii,  an  oceanic  "hot  spot"  probably  entirely  of  mantle  origin.  The 
investigators  report  that  about  2%  of  the  10Be  in  the  subducted  sediment 
returns  to  the  surface  in  the  lavas.  This  agrees  with  earlier  work  at  DTM 
using  strontium  and  oxygen  isotopes,  showing  that  a  very  limited  but 
measurable  quantity  of  the  oceanic  crust  is  incorporated  into  continents 
and  islands  by  the  subduction  process. 

Although  this  application  of  the  10Be  work  is  only  in  its  early  stages, 
the  group  has  already  found  that  there  are  significant  differences  in  10Be 
content  among  different  island  arc  volcanoes.  Particularly  striking  data 
are  those  from  Usu  volcano  in  Japan  and  Ta-Tung  in  Taiwan,  the  two 
cases  found  where  island  arc  volcanic  rocks  do  not  contain  subducted  10Be. 
A  hypothesis  has  been  proposed  to  explain  this.  Unlike  those  volcanoes 
where  10Be  is  measured,  Usu  and  Ta-Tung  are  not  in  the  front  rank  of 
volcanoes — those  that  have  first  access  to  the  subducted  material.  It  is 
therefore  possible  that  the  front-rank  volcanoes  have  removed  essentially 
all  of  the  accessible  crustal  material. 

Wetherill  points  out  that  this  work  on  10Be  represents  only  one  appli- 
cation of  the  powerful  new  technique  of  "high-energy  mass  spectroscopy." 
In  this  case,  the  tandem  Van  de  Graaff  accelerator  at  the  University  of 
Pennsylvania  is  used  to  generate  and  accelerate  the  10Be  ions  to  an  energy 
of  25  million  electron  volts.  This  permits  applications  of  techniques  used 
in  nuclear  physics,  for  example  the  deceleration  of  the  ions  in  foils  and 
gases,  and  the  application  of  range-energy  relations,  to  identify  ionic  spe- 
cies with  much  higher  selectivity  than  obtainable  by  the  conventional 
electromagnetic  separation  used  in  low-energy  mass  spectroscopy.  The 
same  technique  can  also  be  used  to  measure  concentrations  of  other,  very 
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rare  isotopes  such  as  14C,  used  in  dating,  and  26A1,  which  like  10Be  is  also 
produced  by  cosmic  ray  bombardment. 

The  identification  of  10Be  in  volcanic  rocks,  while  probably  the  most 
spectacular,  is  only  one  of  several  applications  of  10Be  to  earth  science 
problems.  The  same  investigators,  for  example,  working  in  collaboration 
with  Milan  Pavich  of  the  U.S.  Geological  Survey,  have  measured  the  10Be 
concentration  in  about  100  samples  of  soils  and  sediments.  Thus,  although 
high-energy  mass  spectroscopy  remains  in  its  infancy,  its  promise  toward 
helping  to  understand  much  about  the  deposition,  erosion,  and  transport 
of  soils  and  sedimentary  rocks  has  been  demonstrated. 

Crustal  Defonnation.  The  Earth's  crust  and  mantle  are  deformed  pri- 
marily in  response  to  internal  convective  motions.  The  short-term  effects 
of  crustal  deformation  are  shallow  earthquakes  and  slower,  more-plastic 
"flow"  of  the  Earth's  crust.  On  a  longer  time  scale,  the  accumulation  of 
short-term  deformations  is  responsible  for  offsets  hundreds  of  kilometers 
in  length  along  large  fault  systems  such  as  the  San  Andreas,  and  for  the 
rearrangement  of  geography  as  a  result  of  continental  drift. 

Crustal  deformation  can  be  described  physically  in  terms  of  fields  of 
stress  forces  and  resulting  strain  displacements.  Earthquakes  are  gen- 
erally assumed  to  result  when  the  gradual  stress  buildup  in  a  region 
eventually  exceeds  some  local  strength.  During  individual  events  in  an 
earthquake  sequence,  preexisting  stresses  are  relieved  and  "stress  drops" 
occur.  The  ability  to  measure  stress  drops  would  be  valuable  for  under- 
standing the  mechanics  of  crustal  deformation  and  might  provide  an  im- 
portant tool  for  earthquake  prediction. 

The  problem  of  determining  stress  drops  is  discussed  by  Alan  Linde, 
I.  Selwyn  Sacks,  and  their  colleague  J.  Arthur  Snoke  of  VPI.  They  explore 
theoretically  an  alternative  method,  based  on  calculating  "apparent  stress" 
from  direct  measurement  of  total  radiated  stress  by  modern,  wide-fre- 
quency-band instruments.  Using  data  recorded  by  a  Carnegie  broad-band 
seismograph  in  northern  Iceland,  they  show  empirical  evidence  of  a  sys- 
tematic decrease  in  apparent  stress  with  time  after  the  start  of  earthquake 
activity.  This  contrasts  with  previous  results  using  other  methods,  which 
fail  to  show  clear  trends  in  stress  drops  in  active  areas.  The  investigators 
write  that  the  Iceland  analysis  must  be  repeated  with  other  data  sets, 
but  that  successful  measurements  of  truly  systematic  changes  in  apparent 
stress  in  a  region  would  be  extremely  important. 

A  principal  component  of  the  Department's  work  on  crustal  deformation 
is  the  worldwide  deployment  of  borehole  strainmeters  invented  at  DTM 
and  constructed  in  our  shops.  Several  studies  are  now  reported  evaluating 
the  performance  of  these  instruments  in  the  field,  with  particular  attention 
to  their  ability  to  distinguish  tectonically  significant  changes  from  near- 
surface  noise. 
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In  one  of  these  reports,  Sacks  and  Linde,  in  collaboration  with  Arthur 
McGarr  of  the  U.S.  Geological  Survey  and  Steven  Spottiswoode  and  Rod- 
leigh  Green  in  South  Africa,  report  data  obtained  from  strainmeters  em- 
placed  in  a  3-km-deep  gold  mine  in  South  Africa.  They  have  studied  the 
response  of  strainmeters  to  strain  changes  that  occur  as  a  consequence  of 
earthquakes  caused  by  the  mining  operations.  They  find  that  the  strain- 
meters accurately  record  strain  steps  that  are  in  excellent  agreement  with 
theoretical  calculations,  and  that  these  instruments  perform  effectively 
even  at  very  high  accelerations,  a  vulnerability  of  strainmeters  of  other 
types. 

Deployments  of  strainmeter  networks  in  California  have  continued,  in- 
cluding installations  at  Pihon  Flat  Observatory,  south  of  Palm  Springs. 
This  venture,  conducted  in  collaboration  with  a  group  at  the  University 
of  California,  San  Diego,  is  of  particular  interest  because  many  other 
instruments  of  other  types  are  also  installed  there.  It  will  thus  be  possible 
to  make  comparisons  between  the  different  methods  for  measuring  crustal 
deformation.  Our  workers  were  surprised  and  gratified  to  see  that  our 
instruments  were  recording  high-quality  tidal  data  within  a  few  days  of 
installation  in  April  1982.  Meanwhile,  data  from  three  strainmeters  in- 
stalled last  year  at  200-meter  depths  in  the  Mohave  Desert  near  the  San 
Andreas  Fault  are  being  compared  with  information  from  a  surface  geo- 
dimeter  (which  measures  distances  between  a  number  of  surface  loca- 
tions). Initial  interpretations  suggest  that  the  subsurface  strainmeters  are 
providing  the  better  measure  of  tectonic  deformation. 

Formation  and  Evolution  of  the  Earth.  One  reason  often  given  for 
assuming  the  Earth  to  be  in  a  steady  state  is  that  this  assumption  is 
necessary  in  order  to  avoid  the  overwhelming  difficulty  of  dealing  with 
the  Earth's  initial  state.  George  Wetherill  remarks  that  a  small  group  at 
DTM  are  following  their  belief  that  these  difficulties  may  be  less  than 
overwhelming,  provided  that  a  proper  combination  of  two  different  but 
complementary  approaches  is  taken.  The  first  approach  emphasizes  the 
examination  of  the  fundamental  physical  and  chemical  processes  involved 
in  the  formation  of  planets  from  interstellar  and  interplanetary  matter. 
The  second  requires  obtaining  and  interpreting  the  observable  geological 
and  geochemical  record  preserved  in  the  ancient  rocks  of  the  Earth  and 
the  Moon,  in  meteorites,  and  in  planetary  atmospheres. 

A  principal  step  toward  understanding  the  formation  of  the  planets  is 
understanding  how  single  stars  like  the  Sun  form.  Present  numerical 
studies  of  the  collapse  of  interstellar  clouds  favor  formation  of  binary  or 
triple  stars  rather  than  single  stars,  because  of  the  large  amount  of  angular 
momentum  plausibly  associated  with  the  initial  interstellar  cloud.  One 
possible  method  for  single-star  production  is  by  formation  of  a  triple  sys- 
tem, followed  by  gravitational  ejection  of  one  member  of  the  system.  An 
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alternative  is  by  loss  of  angular  momentum  via  some  mechanism,  for 
example,  turbulent  viscosity. 

Alan  Boss  reports  the  results  of  a  numerical  study  of  triple-system 
formation.  He  finds  that  fragmentation  of  a  cloud  into  three  collapsing 
bodies  can  indeed  occur,  though  it  is  a  rather  exceptional  case.  He  also 
shows  that  although  it  can  be  expected  that  one  of  the  fragments  can  be 
ejected  to  form  a  single  star,  the  expected  relative  velocity  of  the  escaping 
single  body  is  considerably  higher  than  the  typical  velocity  of  very  young, 
low-mass  stars  found  by  observation.  Therefore  unless  the  formation  of 
single  stars  by  ejection  from  triple  systems  strongly  favors  the  formation 
of  Earth-like  planets,  this  mechanism  does  not  appear  a  preferred  one  for 
the  formation  of  the  solar  nebula. 

The  more-primitive  components  in  meteorites  represent  our  most  direct 
samples  of  the  solar  nebula.  Typhoon  Lee  and  Fouad  Tera  report  further 
investigations  of  isotopic  abundances  of  elements  separated  from  the  cal- 
cium-aluminum inclusions  in  the  Allende  carbonaceous  meteorite.  Marked 
isotope  anomalies  have  been  previously  found  in  certain  rare  inclusions  of 
this  kind,  but  the  "normal"  range  of  anomalies  is  probably  more  important 
to  the  general  question  of  the  degree  of  mixing  in  the  solar  nebula.  These 
measurements  are  also  astrophysically  important  because  they  provide 
laboratory  evidence  for  details  of  the  nucleosynthetic  processes  in  stars 
that  contributed  material  to  the  interstellar  clouds  from  which  the  solar 
nebula  formed.  The  iron-group  elements  are  of  particular  interest  in  this 
regard,  and  Lee  and  Tera  now  report  new  measurements  of  one  element 
of  this  group,  chromium.  They  show  that,  on  the  basis  of  earlier  titanium 
data  and  nucleosynthetic  theory,  they  have  achieved  the  level  of  precision 
required  to  find  isotope  variations  in  normal  calcium-rich  inclusions.  No 
anomalies  have  yet  been  found,  however,  and  efforts  to  improve  the  pre- 
cision further  are  under  way. 

An  important  candidate  mechanism  for  Earth  formation  is  by  accu- 
mulation from  planetesimals  after  most  of  the  gas  was  lost  from  the  solar 
nebula.  Our  earlier  numerical  studies  showed  that  the  formation  of  ter- 
restrial planets  distributed  in  size  and  number  similar  to  the  actual,  ap- 
pears sensitive  to  the  extent  of  collisional  energy  loss  during  planet  formation. 
Further  progress  on  this  problem  requires  a  more-detailed  examination 
of  the  algorithms  used.  A  study  of  this  kind  is  reported  by  Wetherill  and 
L.  P.  Cox  of  MIT.  They  found  that,  to  a  large  extent,  the  approximate 
algorithms  previously  used  represent  a  good  way  to  make  these  calcula- 
tions, but  that  some  improvement  is  possible.  Their  most  interesting  result 
is  evidence  of  new  phenomena  important  at  the  low  velocities  likely  to 
have  existed  at  an  early  stage  of  planet  formation.  Under  these  conditions, 
collisions  no  longer  occur  between  planetesimals  that  in  the  absence  of 
mutual  gravitational  perturbations,  would  appear  to  be  on  a  collision  course. 
In  contrast,  collisions  are  found  only  between  objects  that  appear  as  though 
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they  should  miss  each  other  by  large  distances.  When  considered  quan- 
titatively, this  effect  is  found  to  limit  the  extent  of  "runaway  accretion," 
where  the  first  large  bodies  to  form  have  an  overwhelming  advantage  over 
smaller  objects  with  respect  to  further  growth.  These  results  indicate 
there  is  an  optimum  size  for  growth;  larger  and  smaller  bodies  will  grow 
less  rapidly.  This  phenomenon  is  likely  to  encourage  self-regulation  of 
planetary  growth  and  may  be  likely  to  lead  to  the  present  system  of 
terrestrial  planets. 

The  Geophysical  Laboratory 

Technology  rests  on  a  base  of  fundamental  knowledge,  but  it  also  serves 
as  science's  handmaiden,  supplying  a  continuing  flow  of  advanced  instru- 
mentation back  into  the  scientific  community.  In  his  introduction  to  the 
report  of  the  Geophysical  Laboratory,  Hatten  Yoder,  Jr. ,  points  out  that 
the  phenomenal  rise  in  the  number  of  sophisticated  measuring  devices  in 
recent  years  has  led  to  many  new  opportunities  in  the  earth  sciences.  With 
the  most  advanced  instruments  available  at  the  Laboratory,  the  staff  is 
able  to  test  innovative  ideas  with  an  accuracy  and  precision  not  possible 
before. 

The  results  have  yielded  many  exciting  and  attention-getting  discov- 
eries, such  as  the  creation  of  solid  hydrogen  at  room  pressure  several 
years  ago  using  the  diamond-window,  high-pressure  cell.  But,  as  Yoder 
explains,  the  high-risk  experiments  made  possible  by  advanced  technology 
rest  squarely  on  the  data  base,  accumulated  over  many  years  and  at  many 
institutions,  which  supplies  the  necessary  background  concepts  and  tech- 
niques. Younger  scientists  are  reluctant  to  approach  specific  problems 
that  can  be  resolved  with  only  routine  measurements.  Yoder  believes, 
however,  that  such  studies  may  often  advance  science  at  a  greater  rate 
than  do  the  high-risk,  record-breaking  experiments.  And  so,  in  accord 
with  the  Institution's  commitment  to  fundamental  research,  the  Labora- 
tory has  made  an  effort,  through  its  staff  appointments  as  well  as  its 
fellowship  and  visiting  investigator  programs,  to  achieve  an  appropriate 
mix  of  innovative  and  "classical"  studies.  Some  of  the  results  of  such  an 
arrangement  are  presented  below. 

The  Structure  of  Silicate  Melts.  Among  the  instruments  acquired  re- 
cently is  the  much-anticipated  pulsed  laser  generator,  which  has  been 
installed  at  the  front  end  of  the  Laboratory's  Raman  spectrometer.  Use 
of  the  new  system  enables  David  Virgo,  Bj0rn  Mysen,  and  their  colleagues 
to  explore  more  fully  the  processes  that  control  the  generation,  transport, 
and  subsequent  crystallization  of  molten  silicate,  or  magma.  (Magma  is 
formed  at  the  high  temperatures  and  pressures  of  the  Earth's  upper  man- 
tle or  lower  crust,  and  rises  through  volcanoes  or  rifts  in  the  crust  to 
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emerge  at  the  surface  as  lava.)  An  understanding  of  this  process  is  im- 
portant not  only  as  it  contributes  to  our  knowledge  of  the  history  and 
formation  of  the  Earth  and  terrestrial  planets,  but  also  because  melting 
processes  are  important  in  local  element  enrichment  events  that  yield 
mineral  deposits. 

The  pulsed  Raman  system  enables  researchers  to  explore  on  the  atomic 
level  the  structure  of  silicate  melts — their  chemical  bonding,  in  particu- 
lar— at  the  temperature  and  pressure  ranges  of  their  formation.  The  dom- 
inant cations  in  the  anionic  units  of  silicate  melts  are  Al3  +  ,  Fe3  +  ,  and 
Si4  + .  The  anionic  units  are  interconnected  to  a  central  Al3  + ,  Fe3  + ,  or  Si4  + 
cation  by  sharing  one  or  more  corners.  They  are  in  turn  cross-linked  to 
other  units  through  other  metal  cations.  The  types  and  relative  abun- 
dances of  these  units  control  the  properties  of  the  silicate  melts.  This  year 
it  was  found  that  Al3+  and  Fe3+  display  a  preference  for  those  anionic 
units  with  the  largest  possible  number  of  shared  oxygen  corners.  Thus, 
the  enhanced  stability  of  these  arrangements  in  the  melt  influence  how 
the  melt  behaves  in  the  Earth. 

The  redox  ratio  of  iron  (Fe3+/Fe2  +  )  is  often  used  as  a  petrogenic  in- 
dicator of  rock  origin  during  igneous  processes.  For  the  first  time,  using 
the  Raman  system,  researchers  have  been  able  to  determine  important 
details  of  Fe3  +  -0  and  Fe2  +  -0  angle  and  bond  length  distributions  in  magma 
under  high  temperature  and  pressure  conditions.  On  the  basis  of  these 
data,  the  investigators  can  now  relate  temperature,  pressure,  and  oxygen 
activity  to  melt-mineral  equilibria  of  magma,  thus  gaining  a  better  un- 
derstanding of  the  events  leading  to  mineral  formation.  Furthermore,  it 
is  now  possible  to  evaluate  the  effect  of  Fe3  +  /Fe2+  and  Al3  +  /Fe3+  on 
magma  compressibility,  density,  and  viscosity — chemical  variables  that 
influence  the  penetration  force  and  ascent  rate  of  magma  toward  the  Earth's 
surface. 

Low-Calcium  Garnet.  The  mineralogy  of  the  Earth's  mantle  can  be 
studied  by  simulating  its  environment  in  the  laboratory,  as  discussed 
above,  or,  in  one  case,  it  can  be  observed  directly.  The  latter  approach  is 
taken  by  Francis  R.  Boyd,  John  Gurney,  and  their  colleagues,  who  ex- 
amine peridotite  xenoliths  raised  explosively  to  the  surface  in  southern 
African  volcanic  pipes.  The  occurrence  of  diamonds  and  certain  garnets 
in  these  xenoliths  has  a  remarkably  consistent  relationship  to  major  struc- 
tural elements  of  the  crust  and  upper  mantle  and  thus  may  provide  im- 
portant clues  to  the  petrologic  nature  of  the  area's  interior  region  (the 
craton).  Consideration  of  this  relationship  may  also  help  in  understanding 
how  natural  diamonds  are  formed — a  still  highly  controversial  matter  of 
both  theoretical  and  economic  interest. 

The  Kaapvaal  craton  in  southern  Africa  (Fig.  3)  resembles  an  iceberg 
in  that  its  low  surficial  profile  is  underlain  by  a  root  extending  to  a  depth 
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Fig.  3.  Cratons,  mobile  belts,  and  locations  of  kimberlite  xeno- 
liths  for  which  data  on  concentrate  garnets  have  been  obtained. 


of  150-200  km.  The  crustal  rocks  that  cap  the  craton  are  over  three  billion 
years  old;  the  mobile  rocks  enveloping  it  on  the  east,  south,  and  west  are 
only  about  one  billion  years  old.  The  xenoliths  that  shoot  up  to  the  surface 
are  fragments  of  the  mantle  below.  They  are  composed  mainly  of  garnet 
peridotite  (olivine  +  pyroxene  +  garnet),  with  subordinate  eclogites 
(garnet  +  pyroxene). 

Boyd  and  his  colleagues  have  found  that  xenoliths  erupting  from  the 
younger,  mobile  belts  surrounding  the  craton  evidence  no  difference  in 
chemistry  from  xenoliths  of  the  craton  itself  save  for  the  occurrence  in 
craton  samples  of  low-calcium  garnets  (which  always  appear  to  be  asso- 
ciated with  natural  diamonds).  Garnets  are  of  particular  interest  to  geo- 
chemists  because  the  varieties  of  their  chemical  composition,  morphology, 
and  color  reflect  the  environments  wherein  they  were  crystallized.  Thus, 
they  help  researchers  reconstruct  the  events  leading  to  their  formation. 

The  prevailing  hypothesis  that  explains  why  garnets  and  diamond-bear- 
ing minerals  are  found  only  in  cratons  in  southern  Africa  is  that  they  are 
products  of  Precambrian  subduction.  The  surrounding  mobile  belts,  in 
contrast,  may  be  residues  of  unsubducted  oceanic  crust.  Boyd  and  Gurney, 
whose  work  supports  this  hypothesis,  suggest  that  only  in  the  craton  does 
the  rigid  lithosphere  deepen  sufficiently  for  rocks  near  the  base  to  be  at 
pressures  high  enough  for  diamonds  to  form. 


The  Earth's  Dominant  Mineral — Silicate  Perovskite.  The  Geophysical 
Laboratory  continues  to  pioneer  in  high-pressure  and  high-temperature 
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studies  that  simulate  conditions  to  depths  approximating  the  lower  mantle 
and  outer  core  boundary.  Several  years  ago,  a  dense  structure  called 
silicate  perovskite  was  first  characterized  at  the  Geophysical  Laboratory. 
Now,  silicate  perovskite  is  believed  to  be,  if  not  the  most  important  mineral 
in  the  Earth,  at  least  the  most  dominant.  More  dense  than  any  other 
silicate  mineral  known,  silicate  perovskite  comprises  almost  all  of  the 
Earth's  lower  mantle,  which  in  turn  comprises  about  50%  of  the  Earth's 
total  volume. 

Peter  Bell  and  Ho-Kwang  Mao,  among  numerous  other  investigators 
at  the  Laboratory  and  elsewhere,  have  shown  that  silicate  perovskite  at 
high  pressures  and  temperatures  shows  complex  and  unusual  physical  and 
chemical  properties.  It  was  found  that  almost  all  the  major  minerals  and 
mineral  assemblages  on  the  surface  of  the  Earth  transform  to  silicate 
perovskite  at  high  pressure.  The  Geophysical  Laboratory  workers  further 
demonstrated  that  silicate  perovskite  in  turn  partially  breaks  down,  in 
complex  chemical  systems,  to  other  phases,  and  that  iron  separates  from 
it  as  temperatures  and  pressures  increase.  This  last  phase — the  parti- 
tioning of  iron — came  as  a  particular  surprise,  since  iron  partitioning  is 
virtually  unknown  at  low  temperatures  and  pressures. 

The  significance  of  the  iron-partitioning  process  lies  in  its  potential  as 
a  mechanism  for  the  formation  of  the  Earth's  inner  core,  which  is  believed 
to  be  almost  pure  iron.  Previous  hypotheses,  now  discounted,  suggested 
either  that  the  original  primordial  Earth  accreted  as  a  mixture  of  already 
separated  metallic  iron,  silicates,  and  other  materials,  or  that  the  Earth 
melted,  and  immiscible,  high-density  iron  globules  sank  to  the  core. 

The  chemical  mechanism  whereby  silicate  perovskite  is  stabilized  and 
iron  is  separated  from  it  has  far-reaching  implications.  The  process,  as 
determined  in  the  laboratory,  is  thermodynamically  stable,  and  thereby 
can  serve  as  a  controlling  mechanism.  Thus,  not  only  could  such  a  mech- 
anism have  led  to  the  formation  of  the  Earth's  core,  but  it  could  maintain 
the  chemical  balance  of  the  core  and  mantle  to  the  present  time. 

In  further  studies  aimed  at  reproducing  conditions  deep  within  the  Earth, 
Bell,  Mao,  and  their  colleagues  have  continued  to  examine  possible  com- 
ponents of  the  Earth's  core.  They  address  one  of  earth  science's  most 
puzzling  problems:  What  is  complexing  with  the  iron  to  yield  the  core 
density  calculated  from  known  moments  of  inertia  of  the  Earth?  Both 
potassium  and  sulfur  have  been  proposed — potassium  partly  because  of 
its  potential  role  as  a  radioactive  heat  source,  sulfur  because  its  density 
fits  well  with  observed  density  measurements.  This  year,  potassium  was 
found  to  be  retained  in  a  sulfide  structure  (KFeS2)  to  pressures  as  high 
as  345  kbar.  The  work  continues. 

Geochemistry  of  Sugars  and  Amino  Acids.  On  a  somewhat  different 
front,  the  biogeochemists  at  the  Laboratory  have  been  pursuing  a  number 
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of  novel  directions — from  tracking  food  pathways  of  algae  to  analyzing 
the  components  of  natural  organic  materials  preserved  in  sediments.  Much 
of  the  latter  work  focuses  on  kerogen — the  macromolecular  material  com- 
posing the  bulk  of  the  organic  matter  in  sedimentary  rocks.  As  time  and 
temperature  increase  in  the  geological  environment,  kerogen  decomposes 
by  way  of  a  complex  set  of  reactions  into  successively  more  stable  mole- 
cules. The  ultimate  end  products  are  graphite,  carbon  dioxide,  methane, 
and  molecular  nitrogen.  Constituents  of  petroleum,  however,  are  formed 
as  intermediate  products  along  the  way — in  a  separate  process  called 
catagenesis — and  can  be  retrieved  from  reservoirs  trapped  in  the  Earth's 
crust. 

The  rate  of  catagenesis  is  too  slow  to  be  measured  experimentally,  but 
some  parts  of  it  can  be  simulated  in  the  laboratory  by  substituting  elevated 
temperatures  for  long  times.  Thomas  Hoering  has  verified  that  if  kerogen 
pyrolysis  is  conducted  in  the  presence  of  excess  liquid  water,  the  products 
have  a  closer  resemblance  to  natural  petroleums  than  they  do  when  the 
experiment  is  conducted  in  a  dry,  inert  atmosphere.  (Such  conditions  may 
be  more  realistic,  as  water  is  ubiquitous  in  sediments.) 

Meanwhile,  Hoering  has  significantly  extended  the  scope  of  earlier  work 
on  kerogens  in  several  ways.  By  measuring  the  molecular- weight  distri- 
bution of  the  hydrocarbons  produced  during  hydrous  pyrolysis,  he  hopes 
to  gain  a  greater  understanding  of  the  time-temperature  history  of  this 
process  in  nature.  By  substituting  heavy  water  (deuterium)  for  H20,  he 
hopes  to  learn  whether  water  actively  participates  in  the  process.  And, 
by  using  as  "molecular  probes"  the  transformations  of  pure  organic  sub- 
stances that  are  added  to  the  kerogen  before  heating,  he  can  better  trace 
the  reaction.  This  work  holds  promise  in  assessing  the  oil-bearing  potential 
of  various  source  rocks. 

Interestingly,  the  chemistry  of  kerogen  is  very  similar  to  that  of  com- 
plexes formed  by  the  reactions  of  amino  acids  and  sugars.  Amino  acids 
and  sugars  are  formed  by  the  breakdown  of  proteins  and  carbohydrates, 
which  are  found  in  significant  amounts  in  all  living  cells.  The  amino  acid- 
sugar  interaction  products  are  called  melanoidins.  P.  Edgar  Hare,  Hoer- 
ing, Michael  Engel,  and  their  colleagues  have  found  that  some  amino  acids, 
such  as  lysine  and  arginine,  are  much  more  reactive  than  most  other  amino 
acids,  and  that  they  form  high-molecular- weight,  insoluble  polymers  that 
closely  resemble  natural  kerogen.  By  selecting  a  variety  of  starting  reac- 
tant  amino  acids  and  sugars,  and  subjecting  the  resulting  melanoidins  to 
pyrolysis  in  the  presence  of  water,  the  researchers  may  be  able  to  deter- 
mine the  structural  chemistry  of  the  amino  acids  and  sugars  prior  to  their 
condensation  into  insoluble  melanoidin  polymers.  This  may  be  important 
in  understanding  the  early  diagenesis  of  amino  acids  contributing  to  the 
evolutionary  formation  of  kerogen. 

A  fundamental  understanding  of  the  sugar-amino  acid  interaction  may 
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prove  helpful  in  evaluating  certain  geochemical  problems.  For  example, 
in  some  meteorites  researchers  have  detected  trace  quantities  of  the  op- 
tically active  l  form  of  certain  amino  acids.  (Amino  acids  evidence  two 
structural  forms.  The  l  form  is  found  in  proteins  from  all  living  organisms; 
the  d  form,  the  mirror  image  of  l,  is  found  in  fossils,  its  presence  increasing 
with  increasing  fossil  age.  The  process  of  interconversion  from  l  to  d  is 
called  racemization.)  Engel  and  Hare  show  that  the  interactions  of  amino 
acids  and  sugars  in  some  cases  enhance  racemization,  in  other  cases,  inhibit 
it.  They  suggest,  therefore,  that  the  presence  of  l  amino  acids  in  meteo- 
rites may  not  necessarily  indicate  contamination,  as  is  usually  assumed. 
Conceivably,  the  melanoidin  process  may  some  day  help  researchers 
understand  some  puzzling  biological  questions.  For  instance,  in  normal 
cells,  enzymes  act  to  repair  damaged  structures  by  breaking  down  and 
rebuilding  proteins  and  carbohydrates.  In  abnormal  cells,  however,  there 
may  be  a  nonenzymatic  interaction  between  amino  acids  and  sugars  that 
resists  enzymatic  breakdown.  Thus,  by  studying  amino  acid-sugar  reac- 
tions more  fully,  investigators  may  learn  more  about  processes  of  growth 
control  and  aging. 


LOSSES 

It  is  with  a  great  sense  of  loss  that  I  report  this  year  the  deaths  of 
many  beloved  colleagues,  including  two  former  directors  and  a  trustee 
emeritus. 

Merle  Antony  Tuve,  former  director  of  the  Department  of  Terrestrial 
Magnetism  (from  1946  to  1966),  died  in  May  at  the  age  of  81.  Tuve  was 
a  great  force  in  the  world  of  physics,  virtually  a  giant  among  scientists  of 
this  century.  Among  his  many  contributions  were  his  verification,  with 
Gregory  Breit,  of  the  existence  of  the  ionosphere,  work  which  laid  the 
foundations  for  the  development  of  radar.  With  his  DTM  colleagues,  he 
made  the  first  measurements  of  the  proton-proton  force — a  milestone  in 
the  understanding  of  the  atomic  nucleus.  And,  during  World  War  II,  he 
led  the  team  that  developed  the  proximity  fuze,  a  device  that  triggered 
detonation  in  artillery  shells. 

After  his  war  work,  which  won  for  him  the  1946  Presidential  Medal  for 
Merit,  he  became  director  of  DTM.  His  influence  was  profound;  he  initiated 
programs  in  biophysics,  seismology,  radio  astronomy,  and  in  the  devel- 
opment of  image  tubes  for  optical  telescopes.  He  gave  DTM,  in  effect,  the 
breadth  and  scope  it  maintains  to  this  day. 

Another  well-known  scientist  and  former  director — of  the  Institution's 
former  Department  of  Archaeology  (1950-1959) — died  in  March  at  the 
age  of  82.  Harry  E.  D.  Pollock's  long  association  with  Carnegie  began  in 
1931  and  continued  until  1980,  when  he  officially  retired  as  Research  As- 
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Merle  Antony  Tuve,  1901-1982 
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sociate  at  Large.  Pollock  was  regarded  as  a  leading  authority  on  Mayan 
architecture. 

On  February  7,  the  Institution  lost  one  of  its  longest-standing  friends — 
trustee  emeritus  Henry  S.  Morgan,  who  died  at  the  age  of  81.  Mr.  Morgan 
was  trustee  from  1936  to  1978,  at  which  time  he  was  designated  trustee 
emeritus.  He  was  an  active  member  of  the  board  and,  from  1961  to  1970, 
served  as  chairman  of  the  Executive  Committee.  At  the  time  of  his  death, 
he  was  an  advisory  partner  at  Morgan  Stanley  &  Co.,  the  investment 
company  that  he  founded  in  1935. 

Robert  K.  Burns,  a  former  staff  member  at  the  Department  of  Em- 
bryology (1940-1962)  who  died  on  June  26,  1982,  was  a  member  of  the 
National  Academy  of  Sciences  and  one  of  the  world's  leaders  in  studying 
mechanisms  of  sexual  differentiation.  He  was  also  much  admired  by  his 
colleagues  for  his  encyclopedic  knowledge  of  opossums,  and  the  humor 
and  zest  with  which  he  regaled  audiences  with  "possum  stories." 

Former  Mount  Wilson  Observatory  staff  member  Robert  S.  Richardson 
(1931-1959)  died  in  November  at  age  79. 

Marjorie  Walburn,  former  assistant  to  the  president  under  Caryl  Has- 
kins  and  Philip  Abelson,  died  on  February  24,  1982.  She  served  the  In- 
stitution for  32  years,  from  1946  to  1978. 

William  C.  Miller,  pioneering  color  photographer  at  the  Mount  Wilson 
Observatory  (1949-1971),  died  in  October  at  age  71. 

Elizabeth  Connor,  librarian  and  assistant  editor  at  Mount  Wilson  from 
1916  to  1950,  died  on  December  31,  1981,  at  the  age  of  98. 

Cora  Burwell,  who  was  a  research  assistant  at  Mount  Wilson  from  1907 
to  1949,  died  in  June,  a  few  days  shy  of  age  99. 

Adeline  Miller  Adams,  wife  of  the  late  Dr.  Walter  S.  Adams  (former 
director  of  the  Mount  Wilson  Observatory,  1923-1945),  died  on  May  24. 
Before  her  marriage,  Mrs.  Adams  was  a  research  assistant  at  Mount 
Wilson  for  seven  years. 

George  A.  Boettinger,  former  recorder  at  the  Department  of  Embryol- 
ogy (1948-1966),  died  on  June  30  at  the  age  of  80. 

Robert  N.  Kreidler  left  his  position  as  vice  president  in  June  1982  to 
accept  the  presidency  of  the  Charles  A.  Dana  Foundation  in  New  York. 
Kreidler,  a  long-time  foundation  officer  who  spent  two  years  at  Carnegie 
"on  the  other  side  of  the  desk,"  maintains  his  ties  to  the  Institution  as 
Senior  Fellow  in  Science  Policy. 

Richard  Hewitt,  the  Institution's  administrative  officer  for  services, 
retired  in  December  1981,  after  serving  the  Institution  for  32  years,  the 
first  21  as  photographer  and  assistant  to  two  presidents. 
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.  .  .  AND  GAINS 

Two  new  staff  members  joined  the  Institution  this  year.  Arthur  Gross- 
man began  work  at  the  Department  of  Plant  Biology  in  April  after  com- 
pleting a  three-year  fellowship  at  Rockefeller  University.  A  Ph.D.  from 
Indiana  University,  Grossman  is  investigating  the  molecular  mechanisms 
whereby  large  protein  molecules  synthesized  in  the  cytoplasm  are  trans- 
ported into  chloroplasts.  His  work  intersects  with  that  of  the  molecular 
biologists  and  the  photosynthetic  ecologists  in  the  Department. 

At  the  Mount  Wilson  and  Las  Campanas  Observatories,  frequent  sci- 
entific collaborator  Paul  L.  Schechter  was  appointed  a  staff  member. 
Schechter,  whose  areas  of  interest  include  extragalactic  astronomy  and 
observational  cosmology,  studied  physics  and  mathematics  at  Cornell  Uni- 
versity and  received  his  Ph.D.  from  CalTech  in  1974.  He  came  to  Carnegie 
from  a  three-year  appointment  as  assistant  astronomer  at  Kitt  Peak. 

Also  new  at  the  Observatories  is  Wojciech  Krzeminski,  who  was  ap- 
pointed resident  scientist-administrator  at  Las  Campanas.  Krzeminski 
received  his  Ph.D.  from  the  University  of  Warsaw,  Poland,  in  1964,  was 
a  Carnegie  fellow  from  1965  to  1967,  and  served  at  the  Nicholas  Copernicus 
Astronomical  Center  in  Warsaw.  At  Las  Campanas  he  will  continue  his 
own  research  in  stellar  physics  while  managing  the  Observatory's  business 
operations  and  scientific  instrument  program. 

The  new  assistant  director  for  Mount  Wilson  Observatory  is  staff  mem- 
ber Robert  F.  Howard,  who  was  appointed  to  the  position  beginning 
February  1,  1982. 

John  C.  Lawrence  joined  the  Office  of  Administration  in  February  1982 
as  assistant  bursar.  Lawrence,  who  received  his  M.B.A.  from  Columbia 
University  and  who  is  a  certified  public  accountant,  will  play  a  key  role 
in  computerizing  the  Institution's  accounting  system. 

It  is  always  gratifying  to  report  the  honors  and  awards  bestowed  on 
individuals  during  the  preceding  year. 

Distinguished  Service  Member  of  the  Institution  Barbara  McClintock 
shared  the  1982  Louisa  Gross  Horwitz  Prize  from  Columbia  University. 
She  also  received  an  honorary  degree  from  Yale  University  in  June  1982. 

Donald  Brown,  director  of  the  Department  of  Embryology,  received 
the  1982  Ernst  W.  Bertner  Memorial  Award  on  March  2,  1982,  for  "out- 
standing achievement  in  the  field  of  cancer  research." 

George  W.  Wetherill,  director  of  the  Department  of  Terrestrial  Mag- 
netism, delivered  the  Mrs.  Hepsa  Ely  Silliman  Memorial  Lectures  at  Yale 
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University  in  April.  The  subject  of  his  lectures  was  the  origin  of  the  Earth 
and  planets. 

On  November  4,  1981,  Hatten  S.  Yoder,  Jr.,  received  the  title  of  Doctor 
Honoris  Causa  from  the  University  of  Paris.  He  was  presented  with  a 
diploma,  medal,  and  the  epitoge. 

Trustee  William  Golden  was  elected  a  member  of  the  American  Philo- 
sophical Society  in  April  1982.  He  also  received  the  Distinguished  Public 
Service  Award  of  the  National  Science  Foundation. 

Vera  Rubin,  staff  member  of  the  Department  of  Terrestrial  Magnetism, 
was  elected  in  May  to  the  American  Academy  of  Arts  and  Sciences.  She 
was  also  appointed  a  1982-1983  Visiting  Scholar  of  the  Phi  Beta  Kappa 
Society. 

Ronan  O'Rahilly,  director  of  the  Carnegie  Laboratories  of  Embryology 
and  professor  of  human  anatomy  and  neurology  at  the  University  of  Cal- 
ifornia, Davis,  received  the  degree  of  Doctor  Honoris  Causa  at  the  Uni- 
versity of  Montpellier  on  June  9,  1982. 

In  June  1982,  Ikuo  Kushiro,  staff  member  of  the  Geophysical  Labora- 
tory, received  a  Japan  Academy  Prize  in  the  presence  of  the  Emperor  for 
his  contributions  to  experimental-petrological  studies  on  rock-forming  ma- 
terials. 

Geophysical  Laboratory  staff  member  Robert  Hazen  received  the  1982 
Mineralogical  Society  of  America  Award  for  his  work  on  crystal  chemistry 
of  minerals  at  high  temperatures  and  pressures. 

Department  of  Embryology  staff  member  Kenneth  J.  Muller  was  se- 
lected in  December  1981  to  receive  one  of  the  first  McKnight  Neuroscience 
Development  Awards  from  the  McKnight  Foundation  of  Minneapolis. 

Department  of  Embryology  staff  associate  Richard  Rotundo  was  se- 
lected as  an  Alfred  P.  Sloan  Research  Fellow  in  January  1982. 

Plant  Biology  postdoctoral  fellow  Stephen  Powles  was  selected  to  par- 
ticipate in  the  newly  inaugurated  del  Duca-Carnegie  Fellowship  Program, 
starting  January  1982.  He  is  spending  a  year  at  the  C.N.R.S.  Phytotron 
Laboratory  at  Gif-sur-Yvette,  France. 

James  D.  Ebert, 


FACULTY,  FELLOWS,  AND  STUDENTS 
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DEPARTMENT  OF  PLANT 
BIOLOGY 

Stanford,  California 

Director 

Winslow  R.  Briggs 

Director  Emeritus 
C.  Stacy  French 

Emeritus 

William  M.  Hiesey 

Staff  Members 
Joseph  A.  Berry 
01  le  Bjorkman 
Jeanette  S.  Brown 
David  C.  Fork 
Arthur  R.  Grossman 
Malcolm  A.  Nobs 
William  F.  Thompson 

Research  Associates 
Jeffrey  D.  Palmer 
Jeffrey  R.  Seemann 

Visiting  Investigator 
Beatrice  Sweeney 

Senior  Fellows 
Marylee  Everett 
L.  Horst  Grimme 
Rainer  Hertel 
Dov  Koller 
Jacob  Levitt 
Mervyn  Ludlow 
Kazuhiko  Satoh 
Larry  L.  Tieszen 

Fellows 

John  R.  Coleman 
Richard  B.  Flavell 
Moritoshi  lino 
Richard  A.  Jorgensen 
Ta-Yan  Leong 
Neil  O.  Polans 
Stephen  B.  Powles 


Students 
Sally  Assman 
Helen  E.  Edwards 
Thomas  Egelhoff 
Holly  L.  Gorton 
David  Hollinger 
Dina  F.  Mandoli 
Elizabeth  Newell 
Terri  Lomax-Reichert 
John  Schaer 
James  R.  Shinkle 
Mary  Todd 

DEPARTMENT  OF  EMBRYOLOGY 

Baltimore,  Maryland 

Director 

Donald  D.  Brown 

Staff  Members 

Douglas  M.  Fambrough 
Nina  V.  Fedoroff 
Kenneth  J.  Muller 
Richard  E.  Pagano 
Gerald  M.  Rubin 
Allan  Spradling 
Samuel  Ward 

Staff  Associates 
Patricia  Gearhart 
Richard  Rotundo 

Research  Associates  and  Fellows 
M.  John  Anderson 
Ellen  Bayne 
Daniel  Bogenhagen 
Deborah  Chaleff 
Matthias  Chiquet 
Mary  Collins 
Diane  de  Cicco 
Ellen  Elliott 
Mark  Emmerling 
Tulle  Hazelrigg 
Dick  Hoekstra 
Ian  Jackson 
Laura  Kalfayan 
Roger  Karess 
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Robert  Levis 
Naomi  Lipsky 
Adrian  Mason 
Sheila  McCormick 
Wylie  Nichols 
Kevin  O'Hare 
Hugh  Pelham 
David  Setzer 
Mavis  Shure 
Richard  Sleight 
Douglas  Smith 
Adina  Student 
Barbara  Wakimoto 
Susan  Wessler 
Michael  Wormington 

Visiting  Investigators  and  Extramural 
Collaborators 

Nicholas  Cozzarelli 

William  Engels 

Kenneth  Longmuir 

Students 

Christopher  Austin 
Daniel  Burke 
John  M.  Gardner 
Barbara  Kirschner 
Elizabeth  Liebson 
Vincent  Morgese 
Benjamin  Nathans 
Suki  Parks 
Anne  Ruggles 
Mark  Schlissel 
Jennifer  Schwartz 

GEOPHYSICAL  LABORATORY 
Washington,  D.C. 

Director 

Hatten  S.  Yoder,  Jr. 

Emeritus 

Gordon  L.  Davis 
Elburt  F.  Osborn 

Staff  Members 
Peter  M.  Bell 
Francis  R.  Boyd,  Jr. 
Felix  Chayes 
Marilyn  L.  F.  Estep 
Larry  W.  Finger 
John  D.  Frantz 


P.  Edgar  Hare 
Robert  M.  Hazen 
Thomas  C.  Hoering 
T.  Neil  Irvine 
Ikuo  Kushiro 
Ho-Kwang  Mao 
Tsutomu  Murase 
Bjcirn  Mysen 
Douglas  Rumble  III 
David  Virgo 

Postdoctoral  Associate 
Guangtian  Zou 

Fellows 

Mark  D.  Barton 
Paul  A.  Danckwerth 
Michael  H.  Engel 
David  London 
Stephen  A.  Macko 
Ji-an  Xu 

Predoctoral  Fellows  and  Students 
Robin  S.  Frisch 
Andrew  P.  Jephcoat 
E.  Cheney  S.  Milholland 
Catherine  Powell 
Russell  L.  Ralph 
Charles  M.  Schlinger 

DEPARTMENT  OF  TERRESTRIAL 

MAGNETISM 

Washington,  D.C. 

Director 

George  W.  Wetherill 

Distiyiguished  Service  Member 
Merle  A.  Tuve* 

Emeritus 

Scott  E.  Forbush 

Staff  Members 
L.  Thomas  Aldrich 
Louis  Brown 
Richard  W.  Carlson 
W.  Ke'nt  Ford,  Jr. 
David  E.  James 
Typhoon  Lee 

*Died  May  20,  1982. 
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Alan  T.  Linde 
R.  Sundar  Raj  an 
Vera  C.  Rubin 
I.  Selwyn  Sacks 
Frangois  Schweizer 
Paul  Silver 
Fouad  Tera 
Norbert  Thonnard 
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INTRODUCTION 


Each  year  the  director  faces  the  chal- 
lenge of  presenting  a  concise  and  lucid 
summary  of  the  Department's  research 
during  the  preceding  twelve  months. 
Each  year  emphases  shift,  the  cast  of 
characters  changes,  new  instrumenta- 
tion appears  and  is  exploited,  fresh  con- 
cepts develop  and  mature,  and  once- 
fruitful  lines  of  investigation  become 
played  out.  The  intensity  of  these  fer- 
mentative processes  provides  a  direct 
measure  of  the  quality  and  value  of  the 
scientific  end  product — and  any  in- 
crease causes  a  geometric  increase  in 
the  intricacy  of  the  director's  writing 
assignment.  The  following  paragraphs 
can  only  brush  the  surface  of  the  past 
year's  productivity.  To  assess  these 
findings,  both  the  expected  and  the  un- 
expected, the  reader  will  need  to  ex- 
plore and  evaluate  the  individual  reports 
that  follow,  and  the  publications  aris- 
ing therefrom. 


Development  and 
Photomorphogenesis 

Although  photomorphogenesis  has 
been  the  major  theme  in  the  director's 
own  research  group  over  the  years,  he 
occasionally  (and  grudgingly)  permits 
hormonal  research  unrelated  to  light 
effects  to  be  carried  out  in  his  labora- 
tory. Thus  Hertel,  Lomax-Reichert,  and 
their  colleagues  harvested  hook  regions 
from  etiolated  zucchini  squash  seed- 
lings in  ordinary  room  illumination  for 
their  studies  on  transport  of  the  plant 
growth  hormone,  auxin.  In  the  process, 
they  discovered  that  a  class  of  mem- 
brane vesicles  known  to  maintain  an 
externally  imposed  pH  gradient  for  an 
hour  or  more  also  possessed  the  major 
characteristics  of  the  auxin  transport 
system,  a  system  extensively  charac- 


terized in  vivo  over  the  past  decades. 
They  found  that  auxin  uptake  by  these 
vesicles  could  be  driven  by  a  proton  gra- 
dient via  an  auxin-proton  symport,  and 
that  release  was  by  means  of  an  anion 
carrier  specific  for  the  auxin  molecule, 
a  carrier  effectively  blocked  by  com- 
pounds known  to  inhibit  auxin  trans- 
port in  vivo.  Lomax-Reichert  was  able 
to  separate  the  auxin-accumulating  ac- 
tivity from  known  markers  for  mito- 
chondria, endoplasmic  reticulum,  golgi, 
and  tonoplast,  but  found  that  the  activ- 
ity copurified  with  markers  thought  to 
be  specific  for  plasma  membrane.  Shin- 
kle,  joined  by  Lomax-Reichert  and  Her- 
tel, then  showed  that  developmental 
changes  in  auxin  transport  capacity  in 
vivo  could  be  reasonably  related  to  dif- 
ferences in  the  auxin-accumulating  and 
auxin-releasing  properties  of  vesicles 
isolated  from  seedlings  at  different  de- 
velopmental states.  Lomax-Reichert 
discovered  in  addition  a  low-molecular- 
weight,  heat-stable  factor  which  inhib- 
ited auxin  accumulation  by  the  vesi- 
cles. As  auxin  transport  is  intimately 
associated  with  normal  stem  elonga- 
tion, these  studies  may  provide  an  im- 
portant key  to  our  knowledge  of  stem 
growth  regulation.  At  the  very  least  they 
will  facilitate  progress  in  understand- 
ing the  molecular  mechanism  of  auxin 
transport. 

Sometimes  the  careful  reexamina- 
tion of  an  old  problem  can  bear  com- 
pletely unexpected  fruit.  Mandoli  has 
for  several  years  been  studying  effects 
of  light  on  coleoptile  and  mesocotyl 
elongation  in  dark-grown  oat  seedlings. 
Last  year,  her  attempts  to  localize  the 
sites  of  photoperception  for  these  pro- 
cesses led  to  the  hypothesis  that  there 
must  be  significant  light-guiding 
through  these  tissues.  There  seemed  no 
other  simple  way  to  account  for  the  pat- 
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tern  of  responses  she  obtained.  This  year, 
she  extended  these  studies  to  analyze 
the  light-guiding  properties  in  detail  and 
found  that  etiolated  tissues  do  indeed 
serve  as  remarkably  effective  light 
guides.  Each  longitudinal  column  of  cells 
serves  the  function  of  a  single  fiber  in 
a  commercial  fiber  optic  bundle;  there 
is  a  surprising  degree  of  coherence  in 
image  transmission  from  one  end  of  a 
piece  of  tissue  to  another;  and  plant  tis- 
sues show  a  well-defined  acceptance  an- 
gle (which  differs  from  species  to  species), 
an  expected  feature  of  a  coherent  sys- 
tem of  fiber  optics.  Clearly,  in  any  di- 
rected photomorphogenic  response  (such 
as  phototropism)  the  role  of  light-guid- 
ing will  have  to  be  taken  into  account. 

In  another  reprise  of  a  very  old  prob- 
lem, Schaer  and  Mandoli  reinvesti- 
gated the  relative  roles  of  cell  division 
and  cell  enlargement  in  the  various  re- 
sponses of  the  oat  coleoptile  and  me- 
socotyl  to  light.  They  first  noted  that 
different  tissues  could  be  responding  to 
different  fluences  of  light;  for  example, 
sensitivity  to  very  low  fluences  of  red 
light  was  confined  mostly  to  the  upper 
few  millimeters  of  the  mesocotyl,  while 
sensitivity  to  somewhat  greater  flu- 
ences was  more  evenly  distributed  along 
the  organ.  They  then  found  that 
suppression  of  cell  division  was  proba- 
bly the  major  response  of  the  mesocotyl 
to  very  low  fluences,  while  suppression 
of  cell  elongation  was  significant  in  the 
mesocotyl  response  to  higher  fluences. 
In  the  coleoptile,  by  contrast,  promotion 
of  cell  elongation  resulted  from  both  low 
and  higher  fluences  of  red  light,  while 
cell  division  was  either  inhibited  or 
stimulated  depending  upon  the  fluence 
delivered.  Neither  the  regions  of  pho- 
toperception  nor  the  regions  of  maxi- 
mal response  (if  different)  coincided  with 
those  tissues  known  to  contain  the 
greatest  concentrations  of  the  pre- 
sumed photoreceptor  pigment  for  all  of 
these  responses,  namely  phytochrome. 
Clearly,  photomorphogenesis  in  oat 
seedlings  is  very  complex. 

Shinkle  has  developed  techniques  for 


examining  light  and  auxin  responses  of 
sections  of  oat  coleoptiles  grown  in  total 
darkness.  Red  light  treatment,  he  found, 
significantly  decreases  the  auxin  con- 
centration required  for  the  maximal 
growth  response.  On  the  other  hand, 
auxin  sensitizes  the  coleoptile  sections 
to  red  light,  decreasing  their  threshold 
sensitivity  by  almost  three  orders  of 
magnitude.  The  auxin  response  itself  is 
somewhat  complex.  At  a  low  pH,  it  is 
biphasic  with  auxin  concentration,  sug- 
gesting that  growth  may  be  limited  by 
proton-coupled  auxin  uptake  in  the  lower 
concentration  range.  At  higher  pH,  other 
factors  must  be  limiting,  as  a  biphasic 
concentration-response  curve  is  not  ob- 
tained. It  seems  likely  that  the  studies 
on  in  vitro  auxin  transport  discussed 
above  and  Shinkle's  in  vivo  studies  on 
light  and  auxin  effects  on  coleoptile  sec- 
tion elongation  may  well  converge. 

Small  amounts  of  light  are  known  to 
sensitize  roots  to  gravity,  leading  the 
roots  to  direct  their  growth  downward. 
In  the  absence  of  light,  roots  may  grow 
in  any  direction  including  upward,  pre- 
sumably following  moisture  or  nutrient 
gradients  or  some  other  environmental 
cue.  Since  roots  do  not  normally  emerge 
from  the  soil  surface,  it  seems  possible 
that  small  amounts  of  light  penetrating 
a  significant  distance  into  the  soil  might 
provide  an  upward-growing  root  with  a 
signal  inducing  it  to  redirect  growth 
downward,  away  from  potential  desic- 
cation. Mandoli  and  Briggs,  in  collabo- 
ration with  colleagues  in  the  Depart- 
ment of  Plant  and  Soil  Biology  at  the 
University  of  California,  Berkeley, 
therefore  investigated  the  light-trans- 
mitting properties  of  several  agricul- 
turally important  soils.  They  found  that 
sandy  soils  can  transmit  enough  light 
to  induce  root  geosensitivity  to  depths 
of  two  or  more  centimeters.  This  trans- 
mission can  be  greatly  increased  when 
the  soils  become  water-saturated.  Silty 
soils,  on  the  other  hand,  may  transmit 
effective  amounts  of  light  only  a  mil- 
limeter or  so,  and  show  greatly  de- 
creased transmission  when  water- 


DEPARTMENT     OF     PLANT     BIOLOGY 


saturated.  Light  passing  through  sandy 
soils  exhibits  spectral  changes,  both  with 
depth  and  with  particle  size.  These 
changes  could  affect  the  photoequili- 
brium  of  phytochrome,  the  photorecep- 
tor for  photosensitization  of  roots  to 
gravity.  Silty  soils,  by  contrast,  show 
no  such  changes.  It  seems  highly  pos- 
sible that  soil  spectral  properties  and 
relative  root  sensitivity  to  light  may 
combine  to  play  important  roles  in  plant 
survival  when  rainfall  is  limiting,  but 
this  question  has  not  yet  been  directly 
addressed. 


Photosynthesis 

Brown  and  her  associates  have  con- 
tinued their  investigations  of  the  re- 
lationships among  the  photosynthetic 
pigments  in  intact  cells,  in  organelles, 
in  sub-organellar  fractions,  and  in  pur- 
ified pigment-protein  complexes.  Dur- 
ing the  past  year,  they  continued  to  make 
heavy  use  of  the  Department's  capacity 
for  computer-assisted  curve  analysis  in 
dissecting  and  interpreting  their  com- 
plex spectra.  Brown  examined  both 
chloroplasts  and  various  chloroplast 
fractions  from  barley  grown  under  day- 
light, from  barley  grown  under  inter- 
mittent light  under  conditions  known 
to  permit  accumulation  only  of  traces 
of  chlorophyll  b,  and  from  a  mutant  of 
barley  lacking  chlorophyll  b.  Subtrac- 
tion of  the  absorption  spectrum  of  the 
chlorophyll  alb  light  harvesting  com- 
plex from  the  spectrum  of  normal  chlo- 
roplasts from  the  daylight-grown  plants 
yielded  a  spectrum  closely  resembling 
that  of  the  mutant  chloroplasts.  Hence 
one  can  deduce  ( 1 )  that  the  mutant 
lacking  b  probably  also  lacks  the  chlo- 
rophyll a  normally  associated  with  the 
light-harvesting  complex  and  (2)  that 
the  isolation  procedures  probably  do  not 
seriously  alter  the  spectrum  of  the  com- 
plex itself. 

Analysis  of  spectra  of  preparations 
from  plants  grown  under  intermittent 
light  indicates  a  more  complex  situa- 


tion. Evidently  such  treatment  does 
more  than  just  limit  the  amount  of  light- 
harvesting  complex  formed.  Much  of  the 
chlorophyll  a  remaining  must  become 
abnormally  associated  with  system  II 
reaction  centers,  a  condition  rectified 
when  plants  are  returned  to  normal, 
continuous  illumination.  Grimme, 
Fawley,  and  Brown  used  similar  tech- 
niques to  investigate  spectral  changes 
in  Chlorella  cells  degreened  by  nitrogen 
starvation  and  then  permitted  to  re- 
green  in  the  presence  of  normal  nitro- 
gen in  the  medium.  The  cells  lose  most 
but  not  all  of  their  chlorophyll,  and  what 
remains  must  become  delocalized.  The 
aggregated  antenna  forms  of  chloro- 
phyll a  responsible  for  the  long-wave- 
length fluorescence  emission  are  lost, 
and  the  environment  of  chlorophyll  b 
remaining  must  also  somehow  be  al- 
tered. 

Fawley,  Grimme,  and  Brown  contin- 
ued efforts  to  find  the  right  combination 
of  detergent  solubilization  techniques 
to  yield  pigment-protein  complexes  as 
unaltered  spectrally  as  possible.  Mild 
detergents,  such  as  sodium  deoxycho- 
late,  even  in  the  presence  of  strong  ionic 
detergents  like  sodium  dodecylsulfate, 
yielded  spectra  very  similar  to  those  of 
untreated  thylakoids  and  unlike  the  al- 
tered spectra  obtained  with  sodium  do- 
decylsulfate alone.  Even  the  mild 
detergents,  however,  altered  the  spec- 
tra of  fractions  from  the  barley  mutant 
lacking  chlorophyll  b,  suggesting  that 
membrane  organization  in  the  mutant 
thylakoids  is  different  from  wild-type. 
The  three  workers  then  applied  the  mild 
detergents  to  a  diatom,  in  attempts  to 
obtain  photosystem  II  preparations  from 
these  cells  for  the  first  time.  Because 
the  diatoms,  in  contrast  to  green  algae 
and  higher  plants,  use  chlorophyll  c  and 
fucoxanthin  as  their  principal  acces- 
sory pigments  to  supplement  chloro- 
phyll a  in  serving  the  antenna  function, 
it  is  of  considerable  interest  to  learn 
how  this  photosystem  II  is  assembled. 
A  number  of  pigment-protein  com- 
plexes were  resolved,  at  least  one  of 
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which  was  almost  certainly  photosys- 
tem  II.  Studies  on  the  assembly  of  this 
unusual  photosystem  are  now  clearly 
feasible. 

French  returns  to  the  Department's 
Annual  Report  this  year  with  a  sum- 
mary of  a  continuing  study  of  dye  pho- 
tooxidation  by  a  water-soluble 
chlorophyll  complex  from  the  blue-green 
alga  Nostoc.  He  had  previously  shown 
that  in  the  presence  of  the  reductant 
ascorbate,  one  could  obtain  a  steady- 
state  condition,  the  rate  of  dye  oxida- 
tion equaling  that  of  rereduction  in  dim 
light.  The  steady-state  condition  per- 
mitted accurate  measurement  of  the  ac- 
tion spectrum  for  the  phenomenon.  The 
present  report  indicates  that  at  high 
light  intensity  steady-state  is  not 
achieved,  but  that  after  an  initial  first- 
order  rise  in  the  amount  of  photooxi- 
dized  dye  there  continues  a  zero-order 
photochemical  oxidation  with  far  lower 
quantum  efficiency.  French  also  noted 
an  unexpected  decline  in  the  quantum 
yield  for  the  first-order  rise  during  il- 
lumination. The  work  represents  a  con- 
tinuation of  French's  long  and  productive 
interest  in  the  photochemical  proper- 
ties of  the  photosynthetic  pigments  as 
related  to  the  possible  action  of  these 
pigments. 

Photosynthesis  in  plants  is  known  to 
require  the  cooperation  of  two  different 
photosystems,  which  preferentially  ab- 
sorb light  of  different  wavelengths.  For 
maximum  efficiency,  the  relative  rates 
of  the  two  systems  must  be  appropri- 
ately matched.  Since  the  natural  en- 
vironment can  provide  widely  different 
ratios  of  energy  at  the  wavelengths  most 
effectively  driving  each  of  the  two  sys- 
tems, it  is  not  surprising  that  plants 
have  evolved  a  mechanism  for  energy 
transfer  from  one  system  to  the  other 
when  the  arriving  energy  strongly  fa- 
vors one  system.  These  so-called  state 
changes  can  occur  over  tens  of  seconds. 
When  cells  of  the  thermophilic  alga  Sy- 
nechococcus  lividus  are  irradiated  with 
light  that  predominantly  excites  pho- 
tosystem II,  there  is  significant  spill- 


over of  energy  from  photosystem  II  to 
photosystem  I.  On  the  other  hand,  if  the 
cells  are  irradiated  with  light  absorbed 
predominantly  by  photosystem  I,  such 
spillover  from  photosystem  II  is  mini- 
mized. 

Fork  and  Satoh  have  used  this  ther- 
mophile  to  demonstrate  several  aspects 
of  the  state  change  period.  First,  only 
the  change  in  photosystem  I  light  is 
light-driven;  that  observed  in  photo- 
system II  light  occurs  equally  well  in 
the  dark.  Second,  the  state  changes  are 
evidently  not  related  to  the  redox  state 
of  plastoquinone,  since  starvation  of  the 
cells  increased  the  relative  amount  of 
oxidized  plastoquinone  as  much  as  16- 
fold  without  changing  the  kinetics  of 
the  state  transitions  in  either  direction. 
Arrhenius  plots  for  the  state  transi- 
tions in  both  directions  showed  sharp 
breaks  near  43°  C,  precisely  the  tem- 
perature below  which  the  membranes 
of  this  thermophile  begin  to  solidify.  The 
results  suggest  that  the  state  transi- 
tions may  well  involve  some  macro- 
movement  of  molecules  within  the 
membranes,  movement  that  can  only 
occur  if  the  membranes  are  sufficiently 
fluid. 

Using  moderately  low  temperatures 
(for  this  thermophile,  room  tempera- 
ture is  well  below  "freezing"),  Fork  and 
Satoh  could  hold  the  alga  in  either  state, 
regardless  of  spectral  composition  of  the 
irradiation,  and  assess  the  relative  pho- 
tochemical activities  of  the  two  photo- 
systems  in  either  condition.  As  expected, 
photosystem  I  was  30%  less  efficient  in 
oxidizing  cytochrome  C553  when  spill- 
over from  photosystem  II  was  mini- 
mized— the  condition  achieved  with 
photosystem  I  illumination. 

Satoh  and  Fork  next  used  a  broad  se- 
ries of  inhibitors  to  determine  what 
might  be  involved  in  the  state  transi- 
tion driven  by  photosystem  I  illumi- 
nation. The  results  were  consistent  with 
the  hypothesis  that  this  transition  re- 
quires functional  photosystem  I-driven 
cyclic  electron  flow.  These  workers  also 
showed  that  a  slow  fluorescence  rise  at 
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temperatures  above  43°  C  in  the  pres- 
ence of  the  inhibitor  DCMU  was  a  di- 
rect reflection  of  this  state  transition, 
thereby  providing  a  powerful  tool  for 
further  investigation  of  the  process.  Fi- 
nally, they  successfully  eliminated  the 
possibility  that  the  phosphorylation  of 
the  chlorophyll  alb  light-harvesting 
complex  has  anything  to  do  with  state 
transitions  in  green  algae,  as  they  were 
able  to  demonstrate  state  transitions 
occurring  normally  in  a  mutant  of  the 
green  alga  Scenedesmus  lacking  chlo- 
rophyll b  and  known  to  lack  the  light- 
harvesting  complex. 

Satoh  and  Fork  also  continued  stud- 
ies begun  last  year  on  the  nature  of  pho- 
toinhibition  in  isolated  intact  Bryopsis 
chloroplasts  when  illuminated  under 
anaerobic  conditions.  Using  fluores- 
cence measurements  and  a  range  of  in- 
hibitors, they  obtained  evidence  that 
photoinhibition  involves  destruction  of 
the  reaction  centers  from  both  photo- 
system  I  and  photosystem  II.  They  were 
able  to  show,  furthermore,  that  electron 
transport  through  photosystem  I  must 
take  place  for  photodamage  to  occur  in 
either  kind  of  reaction  center.  They  be- 
lieve that  the  inactivated  reaction  cen- 
ters themselves  then  probably  act  as 
quenchers  of  chlorophyll  fluorescence. 

Satoh  and  Fork  also  used  Bryopsis 
chloroplast  preparations  to  investigate 
possible  causes  of  the  complex  fluores- 
cence time  course  obtained  on  illumi- 
nation of  dark-adapted  plants  at  room 
temperature.  A  variety  of  possibilities 
have  been  proposed  to  account  for  these 
changes,  among  them  ion  concentra- 
tion changes,  state  transitions,  phos- 
phorylation of  the  light-harvesting 
chlorophyll  alb  complex,  pH  changes 
across  the  thylakoid  membranes, 
changes  in  the  charge  state  of  the  ox- 
ygen-evolving enzyme,  changes  in  the 
redox  state  of  Q  and  P680,  and  changes 
in  the  redox  state  of  plastoquinone.  Sa- 
toh and  Fork  devised  ingenious  fluo- 
rescence measurements,  involving  both 
low  temperature  and  inhibitors,  which 
strongly   implicate  redox  changes  in 


plastoquinone  as  causes  of  the  fluores- 
cence changes.  Bryopsis  remains  un- 
challenged as  a  source  of  undamaged 
chloroplasts,  whose  use  minimizes  un- 
certainty whether  phenomena  observed 
in  the  isolated  chloroplast  genuinely  re- 
flect what  occurs  in  the  living  plant. 

Smith,  together  with  Fork  and  Satoh, 
used  Fork's  fluorescence  apparatus  to 
compare  the  behavior  of  two  different 
species  of  the  red  alga  Porphyra  under 
desiccation.  One  species,  P.  perforata, 
normally  grows  where  tidal  fluctua- 
tions allow  the  algae  to  become  desic- 
cated, while  another  species,  P. 
nereocystis,  is  almost  never  exposed  to 
drying  conditions.  The  fluorescence 
measurements  indicated  that  P.  perfor- 
ata maintains  a  high  efficiency  of  en- 
ergy transfer  between  photosynthetic 
pigments  despite  repeated  drying, 
whereas  energy  transfer  was  irrever- 
sibly lost  in  P.  nereocystis  upon  desic- 
cation. These  two  species  may  provide 
very  useful  material  for  the  study  of 
pigment  organization  in  red  algae. 

After  an  absence  of  several  years, 
study  of  circadian  rhythmicity  reap- 
peared in  the  Department.  Using  Gon- 
yaulax  polyedra,  a  bioluminescent 
dinoflagellate,  Sweeney,  Satoh,  and  Fork 
measured  both  long-term  fluorescence 
transients  and  delayed  light  emission 
in  day-phase  and  night-phase  cultures. 
Both  phenomena  exhibited  significant 
differences  between  the  two  phases,  dif- 
ferences that  could  be  attributed  to  en- 
hanced coupling  of  the  proton  pump  to 
electron  flow  in  day-phase  Gonyaulax. 
Sweeney,  Berry,  and  Fork  also  inves- 
tigated whether  membrane  phase 
changes  could  account  for  a  sharp  in- 
crease in  spontaneously  emitted  bio- 
luminescence  in  Gonyaulax  when 
warmed  above  10°  C.  Chlorophyll  flu- 
orescence measurements  revealed  no 
significant  change  at  this  temperature 
related  to  changing  growth  tempera- 
ture, indicating  at  least  that  physical 
phase  changes  in  the  photosynthetic 
membranes  could  not  account  for  the 
circadian  phase  change  of  the  biolu- 
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minescence.  However,  the  fluorescence 
rise  obtainable  at  high  temperature  did 
change  according  to  growth  tempera- 
ture. Though  the  change  was  small,  it 
was  in  the  correct  direction  and  rapid 
enough  to  account  for  temperature  com- 
pensation of  the  circadian  period  in 
Gonyaulax,  a  finding  clearly  worthy  of 
further  exploration. 

In  the  course  of  the  above  studies, 
Sweeney,  Fork,  and  Satoh  were  sur- 
prised to  find  that  under  low  oxygen 
tension,  light  itself  would  stimulate 
bioluminescence.  The  action  spectrum 
for  the  process  implicated  photosyn- 
thesis. Experiments  with  a  variety  of 
techniques  led  to  the  conclusion  that  a 
photosystem  II-generated  membrane 
potential  was  responsible  for  the  bio- 
luminescence. This  potential  could  not 
be  that  associated  with  proton  move- 
ment, however,  and  in  order  to  account 
for  the  observed  kinetics  of  biolumi- 
nescence, it  had  to  be  rapidly  trans- 
mitted through  the  cell.  Here  again  is 
a  phenomenon  meriting  further  inves- 
tigation. 


Physiological  Ecology 

As  seems  to  happen  each  year,  much 
of  what  is  described  under  Photosyn- 
thesis is  also  respectable  physiological 
ecology,  and  much  of  what  is  to  be  de- 
scribed here  as  Physiological  Ecology  is 
respectable  photosynthetic  research. 
Attempts  to  simplify  and  classify,  if  not 
carefully  done,  can  obscure,  confuse,  and 
at  the  very  least,  hide  threads  of  com- 
monality. Photoinhibition — appearing 
in  both  sections — provides  a  case  in 
point. 

Powles  and  Bjorkman  have  contin- 
ued their  studies  of  photoinhibition  in 
Nerium  oleander  by  measuring  the  ef- 
fects and  interactions  of  high  light  flu- 
ence  rates  and  water  stress  on 
photosynthesis.  They  found  that  in 
plants  kept  under  relatively  low  flu- 
ence  rates  during  development,  in- 
creasing the  leaf  incident  illumination 


under  otherwise  favorable  conditions  led 
to  increasing  amounts  of  photoinhibi- 
tion; the  severity  of  the  damage  was 
much  greater  at  lower  temperatures 
than  at  high.  Quenching  of  variable  flu- 
orescence at  692  nm,  measured  at  77 K, 
provided  a  simple  and  sensitive  method 
for  determining  the  photoinhibitory 
damage.  Bjorkman  and  Powles  then  used 
this  fluorescence  measurement  to  show 
that  water  stress  could  lead  to  similar 
photoinhibition  even  in  leaves  allowed 
to  develop  in  full  daylight.  Though  sto- 
matal  closure  and  consequent  limita- 
tion in  C02  availability  were  partially 
responsible,  water  stress  also  clearly 
increased  the  susceptibility  to  photo- 
inhibition through  some  other,  as  yet 
unknown,  mechanism.  What  is  clear 
however,  is  that  damage  to  the  photo- 
synthetic  apparatus  under  conditions  of 
water  stress  in  the  field  will  be  mini- 
mized by  any  mechanism  that  mini- 
mizes light  interception  (leaf 
movements,  for  example),  or  by  any 
mechanism  that  increases  dissipation 
of  excessive  excitation  energy. 

Considering  its  enormous  impor- 
tance in  the  overall  conversion  of  sun- 
light to  biologically  usable  forms  of 
energy,  the  enzymatic  step  that  ac- 
tually fixes  C02  proceeds  with  surpris- 
ing inefficiency.  The  C02  concentrations 
normally  available  are  far  below  sat- 
uration for  the  enzyme,  ribulose  bis- 
phosphate  carboxylase;  oxygen,  which 
is  plentiful,  is  a  strong  competitive  in- 
hibitor; finally,  the  enzyme  itself  has  a 
woefully  low  turnover  number.  Contin- 
uing a  line  of  investigation  reported  last 
year,  Seemann  and  Berry  looked  in  de- 
tail at  the  kinetic  properties  of  the  en- 
zyme obtained  from  both  spinach  and 
soybean.  They  found  that  while  both 
enzymes  have  the  same  affinity  for  C02, 
the  spinach  enzyme  has  a  turnover 
number  significantly  higher  than  that 
of  the  soybean  enzyme.  The  spinach 
leaves  have  a  greater  capacity  for  net 
C02  fixation  in  vivo  per  unit  nitrogen, 
and  this  difference,  they  found,  can  be 
explained  by  the  difference  in  turnover 
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number  of  this  enzyme  measured  in  vi- 
tro. These  workers  were  thus  able  ef- 
fectively to  account  for  differences  in 
whole-leaf  photosynthesis,  under  con- 
ditions in  which  the  carboxylase  en- 
zyme was  presumably  limiting — entirely 
on  the  basis  of  the  amount  and  kinetic 
properties  of  the  enzyme.  It  will  be  of 
great  interest  to  learn  what  structural 
features  are  responsible  for  the  differ- 
ences between  the  spinach  and  the  soy- 
bean enzyme. 

In  another  study  of  ribulose  bisphos- 
phate  carboxylase,  Coleman,  Seemann, 
and  Berry  investigated  a  particulate 
form  of  the  enzyme  which  had  been  found 
previously  in  certain  blue-green  algae. 
By  using  gentle  lytic  techniques,  they 
showed  that  90%  or  more  of  the  enzyme 
can  be  obtained  in  particulate  form  from 
a  wide  range  of  species.  Surprisingly, 
they  found  that  the  particulate  carbox- 
ylase is  almost  completely  insensitive 
to  oxygen.  This  insensitivity  appears  a 
function  of  packaging  rather  than  of 
some  special  characteristic  of  the  en- 
zyme molecule  itself,  since  upon  solu- 
bilization normal  oxygen  sensitivity 
returns.  It  is  possible  that  the  partic- 
ulate enzyme  ("carboxysome")  is  sur- 
rounded by  a  protein  monolayer  which 
is  permeable  to  ions,  such  as  bicarbon- 
ate, but  impermeable  to  gases.  Direct 
evidence  bearing  on  this  hypothesis, 
however,  is  not  yet  available. 

Continuing  a  long  interest  of  Berry's 
group  in  the  regulation  of  photosyn- 
thesis at  the  whole-leaf  level,  Ball  and 
Berry  have  obtained  evidence  suggest- 
ing that  stomatal  conductance  is  con- 
trolled in  two  ways.  First,  there  is  some 
mechanism  which  maintains  a  con- 
stant ratio  of  intercellular-space  C02  to 
leaf-surface  C02  despite  changes  in  light 
fluence  rate.  Second,  there  is  a  response 
to  the  leaf-air  humidity  gradient  which 
changes  the  above  C02  ratio  by  an  equal 
amount  for  a  given  increment  in  the 
humidity  ratio,  regardless  of  absolute 
stomatal  conductance.  These  studies, 
like  those  of  Seemann  and  Berry,  re- 
lating C02  uptake  to  biochemical  char- 


acteristics, should  be  of  considerable  use 
in  modeling  responses  of  the  leaf  to 
changing  environmental  conditions. 

Two  brief  reports  conclude  the  phys- 
iological ecology  section.  Nobs  presents 
clear  evidence  for  apomixis  in  Atriplex, 
a  phenomenon  suspected  but  not  pre- 
viously verified  in  the  Chenopodiaceae, 
to  which  Atriplex  belongs.  Levitt  mean- 
while presents  a  quantitative  tech- 
nique for  monitoring  the  hardening  of 
cabbage  plants  to  freezing  tempera- 
tures: Plasmolysed  cells  eventually 
round  up,  and  the  rate  of  rounding-up 
to  achieve  convex  shape  is  consistently 
faster  for  hardened  cells  than  for  non- 
hardened.  The  technique  should  be  very 
useful  for  assessing  various  hardening 
techniques. 


Molecular  Biology 

Thompson's  group  in  plant  molecular 
biology  continues  to  have  two  distinct 
foci:  one  developmental,  one  evolution- 
ary. Reflecting  the  dramatic  way  that 
modern  biology  has  departed  from  the 
classical,  several  members  of  the  group 
work  comfortably  in  either  subdiscip- 
line. 

The  chloroplast  continues  to  provide 
a  rich  variety  of  evolutionary  clues. 
Palmer,  Edwards,  Jorgensen,  and 
Thompson  have  been  mapping  and 
studying  transcription  of  known  chlo- 
roplast genes  in  various  plant  species. 
Since  the  chloroplast  genome  is  ex- 
tremely conservative  both  in  structure 
and  base  sequence,  events  such  as  in- 
versions are  easily  detected  and  fol- 
lowed along  presumed  phylogenetic 
lines.  There  appears  a  surprising  flu- 
idity among  different  species,  however, 
in  the  kinds  of  transcripts  produced  and 
accumulated  from  a  given  gene.  In  many 
species,  for  example,  the  gene  for  the 
large  subunit  of  ribulose  bisphosphate 
carboxylase  produces  only  a  single 
transcript.  In  the  genera  Vigna  and 
Phaseolus,  however,  the  gene  for  this 
protein  produces  two  other,  and  signif- 
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icantly  larger,  transcripts  as  well  as  a 
small  amount  of  the  normal  transcript. 
Like  the  inversions  mentioned  above, 
these  transcript  differences  can  be  of 
great  use  in  determining  phylogenetic 
lines.  Further  work  will  be  required, 
however,  to  determine  the  basis  for  the 
transcript  changes  at  the  molecular 
level. 

Palmer,  Osorio,  Thompson,  and  Nobs 
are  continuing  to  use  restriction  pat- 
terns obtained  from  chloroplast  DNA  as 
a  powerful  tool  for  establishing  phylo- 
genic  relationships  within  genera  or 
groups  of  species.  Current  studies  with 
Atriplex  have  so  far  involved  sixty  spe- 
cies and  ten  different  restriction  en- 
zymes. Though  the  study  is  still 
incomplete,  several  conclusions  have 
emerged.  For  example,  there  is  re- 
markable homogeneity  among  the  Atri- 
plex chloroplast  genomes:  estimates  of 
sequence  divergence  are  mostly  less  than 
1%.  The  chloroplast  genome  is  clearly 
evolving  more  slowly  than  the  single- 
copy  nuclear  genome  of  the  same  spe- 
cies. Against  the  background  of  this  basic 
homogeneity,  those  few  mutations  that 
alter  restriction  sites  can  be  scored  and 
analyzed  to  permit  construction  of  a 
fairly  complete  phylogenetic  tree.  From 
such  a  tree,  one  can  derive  the  ancestral 
chloroplast  genome  for  a  particular  spe- 
cies group,  the  order  of  branching,  the 
direction  of  the  mutations  in  most  cases, 
the  nature  and  incidence  of  parallelism, 
and  the  relative  divergence  distances 
between  different  chloroplast  lineages. 
Further  studies  of  this  worldwide  genus 
should  give  a  much  better  picture  of  the 
ways  that  present  distribution  patterns- 
were  established — whether  by  conti- 
nental movement  or  some  other  mech- 
anism. 

Jorgensen,  Cuellar,  and  Thompson 
have  studied  in  detail  the  evolution  of 
nuclear-encoded  ribosomal  RNA  genes 
in  the  pea  family.  The  rRNA  gene  can 
be  divided  into  four  general  regions: 
those  coding  for  the  rRNA  moieties  (e.g., 
17S,  25S)  themselves,  the  internal 
transcribed  spacer  (between  the  17S  and 


25S  segments),  the  nontranscribed 
spacer  region,  and  a  region  within  the 
nontranscribed  spacer  containing  a  180- 
base-pair  subrepeat  structure.  The  rate 
of  evolutionary  variation  differs  dra- 
matically; it  is  almost  undetectable  in 
the  rRNA  coding  region  but  is  so  rapid 
in  the  subrepeat  region  as  to  be  useless 
for  interspecific  studies  (although  pos- 
sibly of  considerable  use  in  population 
studies).  Studies  on  the  evolution  of  this 
nuclear  component  should  provide  an 
important  complement  to  the  kinds  of 
chloroplast  studies  mentioned  earlier, 
in  obtaining  a  coherent  picture  of  plant 
phylogeny  and  evolution. 

Last  year's  Report  went  full  circle, 
beginning  and  ending  with  research  us- 
ing computer-assisted  curve  analysis. 
This  year,  the  Report  again  goes  full 
circle — beginning  and  ending  with 
phytochrome  studies.  It  marks  a 
strengthening  of  the  collaboration  be- 
tween the  photomorphogenesis  and  mo- 
lecular biology  groups;  indeed,  grant 
funds  have  just  been  awarded  to  the  two 
groups  to  formalize  the  arrangement. 
Everett,  Polans,  Palmer,  and  Thomp- 
son have  greatly  extended  studies  be- 
gun last  year  of  light  regulation  of 
transcript  abundance  during  greening 
of  etiolated  seedlings.  Using  radioac- 
tive cDNA  prepared  from  RNA  from 
light-  or  dark-grown  plants,  they  have 
screened  over  1500  pea  and  mung  bean 
clones.  Some  of  these  clones  have  been 
characterized,  and  several  different 
classes  in  terms  of  responsiveness  to 
light  have  emerged.  Some  represent 
RNAs  showing  strong  positive  phyto- 
chrome regulation  and  clearcut  far-red 
reversal.  Some  represent  RNAs  show- 
ing dramatic  negative  phytochrome 
regulation — red  light  causes  a  large  de- 
crease in  their  abundance.  Some  ex- 
hibit more-moderate  positive  or  negative 
responses,  and  may  or  may  not  require 
supplementary  white  light,  or  may  still 
show  photoreversibility  after  as  much 
as  24  hours  of  white  light.  Not  unex- 
pectedly, still  others  show  no  photore- 
gulation  at  all.  The  studies  involve  both 
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chloroplast  and  nuclear  genes,  and  sev- 
eral can  be  unambiguously  associated 
with  known  proteins — the  large  and 
small  subunits  of  ribulose  bisphosphate 
carboxylase,  and  one  polypeptide  from 
the  chlorophyll  alb  light-harvesting 
complex.  The  techniques  have  clearly 
become  far  more  quantitative.  One  hopes 
that  it  may  soon  be  possible  to  link  spe- 
cific RNA  changes  with  specific  physio- 
logical responses — for  example,  the  low- 
fluence  and  very-low-fluence  growth 
responses  of  oat  seedlings  characterized 
in  detail  by  Mandoli. 


We  have  occasionally  been  criticized 
in  the  past,  perhaps  justifiably,  for  de- 
scribing too  much  of  our  research  in  this 
Annual  Report  (which  is  not  subject  to 
external  review),  at  the  expense  of  pub- 
lishing in  reviewed  journals.  In  that 
connection,  I  hope  the  reader  will  re- 
gard the  following  articles  as  progress 
reports,  and  will  view  the  final  publi- 
cations, as  documented  at  the  end  of 
this  Report,  as  the  end  products. 

Winslow  R.  Briggs 


IN  VITRO  AUXIN  TRANSPORT 

Rainer  Hertel,  Terri  Lomax-Reichert,  Winslow  R.  Briggs,  and  James  M.  Tepperman 


Transport  of  the  plant  hormone  auxin 
through  cells  of  coleoptiles,  stems,  and 
roots  is  thought  to  occur  by  the  coop- 
eration of  two  elements  in  the  plasma 
membrane.  Uptake  is  presumed  to  oc- 
cur via  a  saturable,  specific  H  +  /IAA~ 
symport  which  is  distributed  evenly  on 
the  membrane  (Sussman  and  Gold- 
smith, 1981),  whereas  efflux  takes  place 
via  a  saturable,  specific  site  of  molec- 
ular secretion,  localized  preferentially 
basally  (Goldsmith,  1982).  The  chemi- 
osmotic  theory  proposed  by  Rubery  and 
Sheldrake  (1974)  suggests  that  the 
driving  force  for  active  auxin  transport 
is  a  pH  gradient  across  the  plasma 
membrane,  with  the  higher  pH  in  the 
cytoplasm.  The  gradient  drives  the  up- 
take of  undissociated  IAAH  (proton- 
ated  indole-3-acetic  acid)  and/or  IAA 
uptake  via  the  saturable  IAA  /H  + 
symport;  IAA"  can  exit  along  the  gra- 
dient via  a  specific  anion  carrier.  Nap- 
thylphthalamic  acid  (NPA)  and  2,3,5- 
triiodobenzoic  acid  (TIB A),  both  inhib- 
itors of  auxin  transport  in  vivo,  are  pre- 
sumed to  act  on  these  exit  sites  by 
blocking  efflux  (Goldsmith,  1982).  Ne- 
glecting the  role  of  electrical  potential, 
Fig.  1  illustrates  this  mechanism  for  a 


cell.  This  scheme  should  apply  not  only 
to  intact  cells,  but  also  to  sealed,  out- 
side-out  vesicles  which  one  might  ob- 
tain from  the  plasma  membrane. 

Jacobs  and  Hertel  (1978)  have  de- 
scribed an  auxin-binding  site  "III"  in 
homogenates  from  zucchini  (Cucurbita 
pepo  L.)  hypocotyls.  However,  Gold- 
smith (1982)  has  suggested  that  such 
TIBA-stimulated  "site  III  IAA  binding" 
may,  in  fact,  not  be  binding  at  all,  but 
instead  could  be  uptake  into  vesicles. 
The  objection  of  Jacobs  and  Hertel 
(1978) — that  it  was  unlikely  that  ves- 
icles could  maintain  a  pH  gradient  for 
over  an  hour — was  removed  by  the  find- 
ing of  Depta  and  Hertel  ( 1982)  that  cer- 
tain Cucurbita  membrane  vesicles  could 
maintain  an  externally  imposed  pH 
gradient.  The  gradient,  pH0  low/pH, 
high,  was  demonstrated  by  the  accu- 
mulation of  weak  organic  acids  which 
was  sensitive  to  the  proton  ionophore 
FCCP  (carbonyl  cyanide  p-trifluoro- 
methoxyphenyl  hydrazone)  and  was 
found  to  be  stable  for  more  than  an  hour 
at  4°  C. 

Here  we  report  experimental  evi- 
dence for  uptake  and  release  of  [14C] 
IAA  by  vesicles  from  Cucurbita  hypo- 
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TIBA  or 


NPA 


IAA" 


Fig.  1.  Hypothetical  scheme  of  an  outside-out 
plasma  membrane  vesicle  or  of  a  cell.  S  =  specific, 
saturable  auxin-H+  symport;  AC  =  specific,  sat- 
urable auxin-anion  carrier  which  is  noncompe- 
titively  inhibited  by  TIBA  and  NPA.  Driving  force 
for  the  IAA-flux  is  provided  by  an  H+  gradient 
across  the  membrane. 


cotyls,  in  accordance  with  the  predic- 
tions of  the  scheme  for  auxin  transport 
shown  in  Fig.  1. 

Materials  and  Methods 

Seeds  of  zucchini  squash  (Cucurbita 
pepo  L.,  cv  Dark  Green,  Ferry  Morse 
Seed  Co.,  Mt.  View,  CA)  were  planted 
in  moist  vermiculite  and  grown  in  plas- 
tic boxes  at  26°  C  and  about  95%  rela- 
tive humidity  in  total  darkness  for  five 
days.  Membrane  particles  were  pre- 
pared from  2-cm  hypocotyl  sections,  cut 
beginning  just  below  the  hook.  The  tis- 
sues were  homogenized,  filtered,  and 
centrifuged  in  2  volumes  per  gram  tis- 
sue weight  of  extraction  medium  (0.25 
M  sucrose,  50  mM  TRIS  base,  one  mM 
EDTA,  and  0.1  mM  MgCl2,  adjusted  to 
pH  7.9  with  HC1,  with  one  mM  DTT 
added  immediately  before  use),  as  de- 
scribed in  Hertel  et  al.  (1982).  All  pro- 
cedures were  carried  out  at  2-4°  C  under 
room  light. 

After  an  initial  low-speed  centrifu- 


gation  (3,600g)  followed  by  centrifu- 
gation  at  45,000^,  the  resulting  pellet 
was  resuspended  in  test  medium  (0.25 
M  sucrose,  10  mM  MOPS,  5  mM  MgS04, 
adjusted  to  pH  6.0  with  NaOH).  Asso- 
ciation of  labeled  IAA  to  those  mem- 
brane particles  was  assayed  either  by 
a  centrifugation  assay  or  by  millipore 
membrane  filtration,  as  described  in 
Hertel  et  al.  (1982).  For  the  centrifu- 
gation assay,  microcentrifuge  tubes  were 
filled  with  test  medium  containing  the 
radioactively  labeled  substance  and 
other  additions.  The  membrane  parti- 
cles were  added,  mixed  well,  and  cen- 
trifuged for  35  min  at  50,000^.  The 
supernatants  were  then  decanted,  and 
the  pellets  were  cut  off,  along  with  a 
small  part  of  the  bottom  of  the  tube, 
then  placed  in  a  minivial  with  scintil- 
lant,  and  counted  for  radioactivity. 

For  the  filter  assay,  particles  were 
resuspended  at  2  g  f  wt  equ/ml  in  test 
medium  and  incubated  with  [14C]  IAA 
with  or  without  additions.  At  the  ap- 
propriate time,  0.2  ml  was  quickly  pi- 
petted into  10  ml  of  ice-cold  test  medium, 
mixed,  and  poured  over  a  prewetted  fil- 
ter under  suction.  About  10-15  s  after 
dilution  the  filter  was  clear  of  liquid 
and  could  be  transferred  to  a  minivial 
with  scintillant  and  counted. 


Results  and  Discussion 

The  principal  finding  on  which  this 
study  is  based  is  shown  in  Table  1.  [14C] 
IAA  (10"7M)  was  added  to  membrane 
particles  which  were  prepared  at  pH  7.9 
and  tested  at  pH  6.0.  Most  of  the  as- 
sociation is  saturable  by  3  x  10~5M 
unlabeled  IAA  (third  line,  second  col- 
umn). If  TIBA  is  added,  the  IAA  accu- 
mulation is  almost  doubled  (second  line, 
left  column).  These  results  agree  with 
the  main  findings  of  Jacobs  and  Hertel 
(1978).  Table  1  also  shows,  however,  that 
the  addition  of  FCCP  greatly  reduces 
the  saturable  association  of  IAA,  in- 
cluding that  increment  caused  by  TIBA 
(middle  column). 
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TABLE  1.  Effect  of  FCCP  on  [14C]  IAA 

Association  to  Cucurbita  Membranes  in  the 

Absence  and  Presence  of  TIBA  and  of 

Unlabeled  IAA* 


Added  in 

[14C]  IAA  Associationt 

test 

Control 

+  FCCP   Difference* 

TIBA 
Cold  IAA 

1046 

1363 

590 

728              318 
770              593 
520                70 

*Measured  by  the  centrifugation  test  with  1- 
ml  samples  containing  0.8-g-equivalent  particles 
and  5,100  cpm  [14C]  IAA.  Concentrations:  FCCP, 
4  x  10  6M;[14C]IAA,  10  7  M;  TIBA,  3  x  10  "6 
M;  unlabeled  IAA,  3  x  10   5  M. 

tcpm  in  pellets. 

tDifference,  cpm,  between  control  and  FCCP 
treatment. 


When  the  sucrose  was  left  out  of  the 
medium  used  to  dilute  the  membrane 
particles  before  filtration,  all  of  the  [14C] 
IAA  accumulation  was  lost.  This  result 
suggests  closed  vesicles,  sensitive  to  os- 
motic shock.  This  effect  is  not  specific 
for  sucrose  since  the  loss  of  accumula- 
tion could  be  prevented  by  replacing  0.25 
M  sucrose  with  0.25  M  mannitol  in  the 
dilution  medium.  NaCl  at  0.125  M  and 
0.25  M  was  also  shown  to  substitute 
partially  for  the  sugars.  IAA  accumu- 
lation was  reduced  by  sonication  and 
deep  freezing;  1.5-min  sonication  yielded 
only  a  partial  reduction,  while  2.5  min 
resulted  in  almost  total  inhibition.  These 
results,  along  with  the  data  for  osmotic 
shock,  provide  further  evidence  for  the 
occurrence  of  sealed  vesicles. 

Significant  FCCP-sensitive  IAA  as- 
sociation is  seen  at  pH  6.5  and  lower. 
When  association  was  measured  over  a 
pH  range,  the  curve  did  not  follow  a 
simple  titration  function  reflecting  pK, 
as  one  might  have  expected  from  so- 
called  unspecific  binding  or  in  the  as- 
sociation of  weak  acids.  This  result  sup- 
ports the  assumption  of  a  saturable  H+/ 
IAA  symport.  If  membranes  extracted 
at  pH  7.9  are  transferred  to  more  acidic 
pH  (e.g.,  6.0)  and  incubated  on  ice,  their 
capacity  for  FCCP-sensitive  [14C]  IAA 
association  decays  in  the  course  of  about 
one  hour,  as  shown  in  Fig.  2.  If  the  loss 


of  IAA  accumulation  was  the  conse- 
quence of  the  slow  breakdown  of  the  pH 
gradient,  it  should  be  possible  to  restore 
pH-driven  accumulation  by  titrating  the 
vesicles  back  to  pH  7.5,  waiting  until 
the  inside  is  again  "alkaline,"  and  then 
shifting  once  more  to  pH  6.0  for  test  of 
accumulation.  This  hypothesis  is  veri- 
fied by  the  results  in  Fig.  2  (right  half). 
Within  15  min  after  adding  NaOH,  at 
t  =  125  min,  the  vesicles  regain  a  very 
strong  capacity  to  accumulate  IAA. 

Initial  uptake  and  efflux  were  stud- 
ied with  the  membrane  particles  using 
the  filtration  assay.  Uptake  showed  one 
major  component  with  a  half-time  of 
about  20-60  s.  This  result  indicates  that 
all  centrifugation  and  filter  assays,  ex- 
cept for  those  of  efflux,  were  at  equilib- 
rium. In  the  presence  of  NPA,  the  half- 
time  of  efflux  can  be  estimated  to  be 
about  75  s,  which  is  slower  than  the  20- 
40  s  half-time  found  for  the  control. 

TIBA  and  NPA,  as  well  as  phytotro- 
pins  and  morphactins,  very  efficiently 
inhibit  auxin  transport  in  a  noncom- 
petitive way  by  blocking  efflux  (Gold- 
smith, 1982);  this  inhibition  results  in 
an  increase  of  net  uptake  (Sussman  and 
Goldsmith,  1981).  As  found  by  Jacobs 
and  Hertel  (1978),  the  present  study 
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Fig.  2.  Time  course  of  decay  of  capacity  for 
FCCP-sensitive  [14C]  IAA  association  and  its  res- 
toration by  higher  pH.  At  125  min,  NaOH  was 
added  to  bring  the  pH  to  7.5.  The  particles  were 
then  tested  as  before  at  pH  6.0.  Open  circles  (solid 
line),  control;  open  triangles  (solid  line),  plus  TIBA; 
closed  circles  (dotted  line),  control  after  retitra- 
tion;  closed  triangles  (dotted  line),  plus  TIBA  af- 
ter retitration. 
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confirms  that  NPA  and  TIBA  increase 
specific,  saturable  auxin  association  with 
membrane  particles  from  Cucurbita. 
When  the  concentration  dependency  of 
the  enhancement  of  the  association  was 
tested  for  NPA  and  TIBA,  it  was  found 
to  match  very  closely  that  for  the  in- 
hibition of  auxin  transport  in  vivo.  Some 
of  the  NPA  analogs,  known  as  phyto- 
tropins,  were  also  tested  for  their  effec- 
tiveness in  enhancing  net  FCCP- 
sensitive  [14C]  IAA  accumulation,  and 
they  showed  the  same  parallel  effec- 
tiveness when  compared  with  the  phys- 
iological responses  of  geotropism  and 
auxin  transport,  measured  in  vivo,  as 
well  as  with  their  binding  specificity  to 
the  NPA  receptor  site  (Katekar  et  al., 
1981).  These  results  further  demon- 
strated the  high  degree  of  specificity 
found  for  this  process. 

The  data  reported  here  agree  with  the 
predictions  from  the  scheme  in  Fig.  1: 
a  pH  gradient — inside  high,  outside 
low — can  drive  auxin  accumulation  by 
vesicles. 

We  propose  that  these  membrane 


particles  are  outside-out  plasma  mem- 
brane vesicles,  and  that  they  perform 
the  essential  functions  of  auxin  trans- 
port according  to  the  chemiosmotic 
theory,  with  a  specific,  saturable  proton 
symport  uptake  and  an  export  anion 
carrier  which  is  inhibited  by  NPA  and 
TIBA.  A  gradient  between  the  wall 
space,  pH  5-6,  and  the  cytoplasm,  pH 
7,  is  observed  in  vivo,  so  this  process 
may  be  relevant  to  auxin  transport 
through  intact  tissue. 
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CHARACTERIZATION  AND   LOCALIZATION  OF  AUXIN 
TRANSPORT  SITES   IN  Cucurbita  pepo  MEMBRANE 

FRACTIONS 

Terri  Lomax-Reichert  and  Winslow  R.  Briggs 


In  relation  to  studies  of  cellular  auxin 
transport,  the  in  vitro  auxin  accumu- 
lation by  membrane  fractions  from  zuc- 
chini hypocotyls  described  in  the 
preceding  article  (Hertel  et  al.,  this  Re- 
port) can  only  be  understood  if  it  occurs 
in  outside-out  plasma  membrane  vesi- 
cles. This  is  especially  obvious  with  re- 
gard to  the  direction  of  the  effect  of 
transport  inhibitors.  In  vivo  studies  have 
indicated  that  NPA  (naphthylphthal- 
amic  acid)  and  TIBA  (2,3,5-triiodo- 
benzoic  acid)  inhibit  auxin  transport  by 
blocking  efflux  from  the  IAA-anion  car- 
rier, which  acts  as  an  exit  site.  Since 
these  substances  increase  accumula- 
tion of  [14C]  IAA  by  the  general  mem- 


brane preparations  described  here  and 
in  the  preceding  article,  presumably  by 
blocking  efflux  from  the  vesicles,  we  ap- 
peared to  have  obtained  outside-out, 
sealed  vesicles.  Jacobs  and  Hertel  (1978) 
had  tentatively  localized  their  "Site  Ill- 
type  IAA  binding"  on  the  plasma  mem- 
brane. We  wished  to  determine  clearly 
whether  this  was  the  only  membrane 
fraction  capable  of  in  vitro  auxin  trans- 
port, that  is,  [14C]  IAA  accumulation 
sensitive  to  the  electrogenic  H  + -carrier 
FCCP  (carbonyl  cyanide  p-trifluoro- 
methoxyphenyl  hydrazone)  and  which 
can  be  stimulated  by  NPA,  TIBA,  or 
other  auxin-transport  inhibitors. 
First,  however,  it  was  important  to 
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optimize  the  assay  for  [14C]  IAA  accu- 
mulation by  general  membrane  prep- 
arations and  to  characterize  further  the 
in  vitro  auxin  transport.  Higher  and 
more-reproducible  accumulation  was 
obtained  if  the  pellet  from  the  50,000# 
centrifugation  normally  used  for  the  as- 
say (see  preceding  report)  was  resus- 
pended  once  more  in  extraction  medium 
and  repelleted  again  at  50,000g.  As  can 
be  seen  in  Table  2,  the  "washed"  par- 
ticles showed  not  only  increased  [14C] 
IAA  accumulation  but  also  greatly  in- 
creased TIBA  stimulation  of  uptake, 
while  no  effect  was  seen  upon  the  level 
of  association  of  the  labeled  auxin  in 
the  presence  of  FCCP.  Re-adding  su- 
pernatant from  the  initial  high-speed 
centrifugation  inhibited  both  [14C]  IAA 
accumulation  and  the  TIBA  enhance- 
ment of  that  accumulation  but,  again, 
did  not  affect  the  association  in  the 
presence  of  FCCP  (Table  2).  These  re- 
sults showed  that  some  cellular  factor 
was  acting  specifically  on  the  in  vitro 
auxin  transport  system.  Boiling  the  su- 
pernatant did  not  reduce  its  effective- 
ness (Table  2),  whereas  dialyzing  against 
transport  medium  did  (data  not  shown), 
indicating  that  the  "transport  factor" 
(TF)  is  most  likely  a  small  organic  mol- 
ecule rather  than  a  protein  and  would 
neither  survive  boiling  nor  be  dialyz- 
able.  In  all  subsequent  experiments, 
particles  were  "washed"  by  a  second  re- 
suspension  and  repelleting. 

It  was  also  found  that  the  stimulation 
of  accumulation  by  transport  inhibitors 
could  be  increased  by  raising  the  EDTA 
concentration  of  the  extraction  medium 


from  1  mM  to  3  mM.  The  Mg  +  2  concen- 
tration in  the  extraction  or  transport 
medium  made  no  difference,  so  this  ef- 
fect may  be  the  result  of  removing  other 
divalent  cations  present  either  in  the 
tissue  or  in  the  water  used  to  prepare 
the  media.  Final  ethanol  concentra- 
tions in  the  assay  greater  than  0.1% 
were  found  to  inhibit  the  [14C]  IAA  ac- 
cumulation, so  higher  levels  were  never 
used  when  adding  test  substances.  The 
inhibition  by  ethanol  provides  further 
evidence  that  the  vesicles  must  be  tightly 
sealed  to  provide  the  pH  gradient  nec- 
essary for  auxin  transport,  which  agrees 
with  the  observation  by  Jacobs  and 
Hertel  (1978)  that  acetate  and  similar 
organic  acids  inhibited  IAA  association 
to  Cucurbita  membranes. 

Vesicles  from  zucchini  hypocotyls  and 
other  members  of  the  Cucurbitaceae 
such  as  acorn  squash  and  cucumber  are 
capable  of  pH-driven  accumulation  (Ta- 
ble 3),  but  we  have  not  been  able  to 
demonstrate  in  vitro  auxin  transport  by 
membrane  preparations  from  maize  co- 
leoptile  tissue  at  similar  conditions  (data 
not  shown).  This  discrepancy  holds  true 
also  for  the  stable  pH  gradients  inferred 
by  Depta  and  Hertel  (1982).  The  differ- 
ence between  the  species  may  be  the 
result  of  differences  in  membrane  com- 
position. Qualitative  differences  in  ste- 
roid composition  or  other  distinctions 
between  the  Cucurbitaceae  and  other 
higher  plants  (Goad,  1977)  may  be  re- 
sponsible for  a  difference  in  stability  in 
vitro. 

Using  the  optimized  conditions  de- 
scribed above,  we  proceeded  to  localize 


TABLE  2.  The  Effect  of  Washing  on  Auxin  Accumulation* 

Control     +FCCP     +TIBA     %TIBA  Stimulation 

3 
62 
5 
3 

*  Accumulation  of  IAA  was  measured  by  centrifugation  assay  (Hertel  et  al., 
1982)  with  1-ml  samples  containing  0.6-g-equivalent  particles  and  7000  CPM 
(14C)  IAA.  At  the  right  is  given  the  percentage  increase  of  the  FCCP-sensitive 
accumulation  over  the  control. 


Unwashed 

100 

51 

101 

Washed 

151 

51 

244 

Washed  +  TF 

103 

52 

105 

Washed  +  boiled  TF 

102 

51 

103 

20 
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TABLE  3.  In  Vitro  Auxin  Transport  by  Different  Members  of  the 
Cucurbitaceae* 


IAA  accumulation,  %  of  control 

Plant  Material 

Control 

+  FCCP 

+  TIBA 

%  TIBA 
Stimulationt 

Zucchini 
Cucumber 
Acorn  Squash 

100 
70 
73 

67 
54 
61 

113 

80 
82 

41 
64 
83 

*  Accumulation  of  (14C)  IAA  was  measured  by  centrifugation  test  with  1-ml 
samples  containing  0.75-g-equivalent  particles  and  3,250  cpm  (14C)  IAA. 

tPercentage  stimulation  by  TIBA  over  the  control;  shows  FCCP-sensitive 
accumulation. 


the  intracellular  site  of  auxin  transport 
by  separating  the  membranes  on  a  1- 
12%  Dextran  gradient.  Since  Dextran 
is  not  osmotically  active,  it  does  not  dis- 
turb the  sealed  integrity  of  the  vesicles 


by  subjecting  them  to  osmotic  shock.  A 
vesicle  resuspension  was  prepared  as 
for  the  in  vitro  transport  assay,  layered 
onto  a  linear  gradient  of  1-12%  Dex- 
tran T-70  in  gradient  medium  (250  mM 
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Fig.  3.  Localization  of  the  auxin  transport  sites.  The  resuspended  membrane  preparation  was 
layered  onto  a  1-12%  Dextran  gradient  over  a  45%  sucrose  cushion  and  centrifuged  for  2  h  at  75,000g. 
Fractions  were  repelleted  and  resuspended  in  test  medium  free  of  Dextran  before  assays  were  made. 
CCR:  cytochrome  c  reductase;  CCO:  cytochrome  c  oxidase. 
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sucrose,  50  mM  TRIS  base,  pH  7.6  with 
HC1),  and  spun  for  2  h  at  24,000  rpm 
in  a  Beckman  SW-27  rotor.  Fractions 
of  2.5  ml  were  collected,  diluted  with 
gradient  medium,  and  repelleted  at 
100,000^  to  remove  the  Dextran.  The 
results  are  shown  in  Fig.  3.  Assays  for 
marker  enzymes  are  described  in  Man- 
date et  al.  (1982).  [14C]  IAA  transport, 
[14C]  TIBA  accumulation,  and  [3H]  NPA 
binding  were  measured  as  in  Hertel  et 
al.  (1982). 

FCCP-sensitive  IAA  accumulation  is 
found  in  a  single  peak,  which  coincides 
with  NPA  binding,  considered  to  be  a 
marker  for  the  plasma  membrane  (Fig. 
3).  The  IAA  transport  activity  is  clearly 
separated  from  the  cytochrome  c  oxi- 
dase (mitochondria)  and  cytochrome  c 
reductase  (endoplasmic  reticulum)  ac- 
tivity as  well  as  from  the  major  peak  of 
CI  "-stimulated  ATPase  activity,  which 
is  considered  to  be  associated  with  the 
tonoplast  (Mandala  et  al.,  1982).  In  other 
experiments  (data  not  shown),  the  [14C] 
IAA  uptake  cosedimented  with  binding 
of  the  fungal  toxin  fusicoccin,  a  plasma 
membrane  marker,  but  was  separated 
from  latent  IDPase  and  glucan  synthe- 
tase I,  both  markers  for  the  Golgi.  TIBA 


should  be  accumulated  as  a  weak  or- 
ganic acid  into  any  sealed  vesicles  where 
a  pH  gradient  across  the  membrane  is 
present  (Depta  and  Hertel,  1982).  Peaks 
of  TIBA  accumulation  can  be  seen  in 
Fig.  3,  both  at  the  very  light  density 
location  of  the  tonoplast  and  at  the  re- 
gion of  maximum  IAA  transport.  This 
result  indicates  that  sealed  vesicles  of 
both  tonoplast  and  plasma  membrane 
origin  are  present  in  these  Cucurbita 
membrane  preparations.  The  fact  that 
IAA  is  accumulated  only  by  those  ves- 
icles that  appear  to  be  derived  from  the 
plasma  membrane  provides  further  ev- 
idence for  the  specific  nature  of  the  in 
vitro  auxin  transport  system. 
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CORRELATION  OF  IN  VIVO  AND  IN  VITRO  AUXIN 

TRANSPORT  IN  DEVELOPING  Cucurbita  pepo 

HYPOCOTYLS 

James  R.  Shinkle,  Terri  Lomax-Reichert ,  Rainer  Hertel,  and  Winslow  R.  Briggs 


While  defining  optimal  conditions  for 
the  study  of  auxin  transport  by  mem- 
brane vesicles  from  Cucurbita  pepo  (see 
Hertel  et  al.,  this  Report),  we  found  an 
age  dependency  in  the  capacity  of  ves- 
icles to  take  up  [14C]-IAA.  Between  3.5 
and  5  days  of  age,  the  ability  of  mem- 
brane vesicles  to  take  up  IAA  increases 
by  a  factor  of  five.  During  the  same  pe- 
riod of  time,  TIBA  enhancement  of  IAA 
uptake  also  increases  by  a  similar  fac- 
tor. 

This  age  dependency  in  in  vitro  auxin 
transport  paralleled  results  of  an  ear- 


lier study  of  TIBA-enhanced  in  vitro 
auxin  accumulation  reported  by  Shin- 
kle and  Jacobs  (1982).  Their  work  was 
done  before  it  was  established  that  the 
accumulation  of  labeled  IAA  was,  in  fact, 
uptake  into  vesicles,  and  thus  accu- 
mulation was  thought  to  be  specific 
binding  to  a  membrane  receptor  (Ja- 
cobs and  Hertel,  1978).  Shinkle  and  Ja- 
cobs (1982)  also  reported  a  correlation 
between  the  age  dependency  of  their  de- 
scribed binding  and  the  age  dependency 
of  in  vivo  auxin  polar  transport  in  sec- 
tions. For  from  3-  to  5-day-old  C.  pepo 
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hypocotyl  tissue,  they  found  a  good  cor- 
relation between  the  change  in  mag- 
nitude of  the  two  effects.  At  age  3  days, 
the  level  of  both  in  vivo  and  in  vitro 
auxin  transport  was  very  low.  Between 
3  and  4  days  of  age  there  occurred  a 
rapid  parallel  rise  in  the  two  processes. 

We  report  here  an  attempt  to  repli- 
cate and  extend  Shinkle  and  Jacobs' 
work  with  respect  to  protonophore-sen- 
sitive,  in  vitro  auxin  uptake,  using  a 
different  cultivar  of  C.  pepo  and  more- 
frequent  harvesting  of  plant  tissue. 

Plant  material  was  grown  as  by  Her- 
tel  et  al.  (1982),  for  from  3.5  to  7  days. 
Samples,  both  for  preparation  of  mem- 
brane vesicles  and  for  sections  for  use 
in  in  vivo  transport  experiments,  were 
collected  for  four  ages  at  a  time.  Two 
such  preparations  were  done  in  one  day 
so  that  all  ages  of  tissue  could  be  as- 
sayed from  plant  material  ready  on  the 
same  day.  In  vivo  auxin  transport  in 
sections  was  performed  as  by  Shinkle 
and  Jacobs  (1982)  and  Smith  and  Ja- 
cobs (1969).  One  modification  of  the 
techniques  used  by  Shinkle  and  Jacobs 
(1982)  was  that  5-mm  sections  taken  at 
random  from  the  first  2  cm  of  the  hy- 
pocotyl were  used  for  in  vivo  auxin  po- 
lar transport  experiments,  instead  of  5- 
mm  sections  all  taken  from  8  mm  below 
the  hook.  This  technique  allowed  them 
to  take  the  corresponding  2-cm  sections 
for  the  preparation  of  membrane  vesi- 
cles, as  by  Hertel  et  al.  (1982). 

Plants  from  a  given  chronological  age 
were  selected  for  experimentation  only 
if  they  fell  within  a  narrow  size  class 
determined  to  be  representative  for  that 
age.  Each  size  class  was  determined  by 
a  median  ±  2  cm.  There  was  some  over- 
lap of  sizes  in  the  older  tissues. 

Net  [14C]-IAA  uptake  into  plasma 
membrane  vesicles  and  enhancement 
of  uptake  by  2,3,5-triiodobenzoic  acid 
(TIB A)  were  measured  as  by  Hertel  et 
al.  (1982).  All  vesicle  preparations  were 
made  to  a  standard  fresh  weight  to  test 
medium  volume  ratio.  Polar  transport 
of  [14C]-IAA  was  measured  as  basipetal 
transport,  as  by  Smith  and  Jacobs  ( 1969), 


since  there  is  no  significant  acropetal 
transport  in  this  tissue  (data  not  shown). 
Results  were  calculated  as  percentage 
of  [14C]-IAA  taken  up  that  is  trans- 
ported into  a  basal  receiver  block. 

Our  results  are  presented  in  Fig.  4. 
In  vitro  transport  is  the  average  of  three 
replicate  experiments,  and  in  vivo 
transport  is  the  averge  of  two  experi- 
ments, each  point  representing  the  mean 
of  9-12  replicates. 

As  can  be  seen  in  Fig.  4,  there  is  a 
rapid  rise  in  both  in  vitro  and  in  vivo 
transport  of  [14C]-IAA  between  3.5  and 
4.5  days.  TIB  A  enhancement  of  in  vitro 
transport  also  increases  markedly  dur- 
ing this  time.  In  vivo  transport  and 
unenhanced  in  vitro  transport  of  [14C]- 
IAA  show  parallel,  slight  increases  be- 
tween 4.5  and  5  days,  while  TIBA-en- 
hanced  net  [14C]-IAA  uptake  begins  to 
fall.  Between  5  and  5.5  days,  in  vivo 
polar  IAA  transport  rises  to  a  maxi- 
mum, while  net  [14C]-IAA  uptake  de- 
clines, with  or  without  TIBA.  TIBA 
enhancement  of  uptake  also  declines. 
From  5.5  to  6.5  days,  unenhanced  net 
[14C]-IAA  uptake  and  in  vivo  polar 
transport  fall  precipitously,  while  TIBA 
enhancement  of  in  vitro  transport  re- 
mains relatively  constant  (Fig.  4,  dif- 
ference between  solid  circles  and  solid 
diamonds).  In  vivo  transport  and  in  vi- 
tro uptake  remain  at  low  levels  be- 
tween 6.5  and  7  days,  while  TIBA 
enhancement  of  in  vitro  transport  de- 
clines to  zero. 

Since  the  in  vitro  IAA  transport  as- 
says were  performed  at  a  constant  fresh 
weight  per  ml  of  test  medium,  protein 
per  unit  fresh  weight  was  also  deter- 
mined. The  amount  of  protein  per  fresh 
weight  declines  monotonically  with  in- 
creasing age.  This  age  vs.  protein-per- 
fresh-weight  relationship  is  completely 
different  from  the  age  dependency  of  in 
vitro  and  in  vivo  IAA  transport. 

The  best  correlation  between  in  vivo 
and  in  vitro  measures  of  [14C]-IAA 
transport  is  seen  in  those  phases  of  de- 
velopment where  the  initial  rise  and 
final  collapse  of  transport  and  growth 
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Fig.  4.  In  vitro  and  in  vivo  [14C]-IAA  transport  in  etiolated  C.  pepo  hypocotyl  sections.  Left  axis: 
net  [14C]-IAA  uptake  into  plasma  membrane  vesicles  from  C.  pepo  hypocotyl  tissue,  without  TIBA 
(closed  circles),  and  with  TIBA  (closed  diamond  symbols);  assay  was  performed  after  Hertel  et  al. 
(1982).  Right  axis:  [14C]-IAA  transported  basipetally  in  5-mm  sections  of  C.  pepo  hypocotyl,  expressed 
as  the  percent  of  [14C]-IAA  taken  up  by  sections  (open  squares);  assayed  after  Smith  and  Jacobs 
(1969).  Error  bars  show  ±  S.E. 


occur.  The  most-rapid  growth  occurs  be- 
tween 3.5  and  4.5  days  (data  not  shown). 
The  discrepancy  between  in  vivo  and  in 
vitro  [14C]-IAA  transport  is  largest  if 
TIBA-enhanced  in  vitro  transport  and 
in  vivo  transport  are  compared.  The  de- 
cline in  in  vivo  transport  lags  a  full  day 
behind  the  decline  in  TIBA-enhanced 
in  vitro  transport. 

This  discrepancy  could  be  explained 
by  an  increase  in  the  total  number  of 
transport  sites  in  the  isolated  vesicles. 
This  hypothesis  would  require  an  in- 
crease in  the  number  of  IAA-anion  ef- 
flux carriers  per  cell.  It  is  reasonable  to 
postulate  such  an  increase  in  carriers 
at  the  age  when  in  vivo  transport  is 
maximal,  since  these  carriers  mediate 
basal  secretion  of  IAA  in  the  process  of 
polar  transport.  If  such  an  increase  did 
occur,  the  efflux  of  IAA  from  the  vesi- 
cles would  be  expected  to  increase,  and 
the  amount  of  TIBA  required  to  block 
efflux  and  enhance  uptake  would  be 
correspondingly  larger.  As  we  used  a 


standard  concentration  of  TIBA  for  all 
ages,  the  net  result  would  be  an  appar- 
ent loss  of  TIBA  enhancement  of  [14C]- 
IAA  uptake.  In  addition,  since  the  ves- 
icles not  treated  with  TIBA  would  also 
exhibit  this  same  increase  in  IAA  ef- 
flux, the  apparent  level  of  uptake  would 
also  be  expected  to  go  down.  These  ar- 
guments account  for  the  two  discrep- 
ancies between  in  vivo  and  in  vitro  [14C]- 
IAA  transport,  as  measured  by  our 
techniques.  We  are  currently  attempt- 
ing to  determine  the  optimal  TIBA  con- 
centration for  TIBA  enhancement  of 
[14C]-IAA  uptake  for  each  age  of  plant 
tissue. 
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TISSUE  LIGHT-PIPING  IN  PLANTS 

Dina  F.  Mandoli  and  Winslow  R.  Briggs 


The  localization  of  the  site(s)  of  pho- 
toperception  in  organs  of  A  vena  satiua, 
cv  Lodi  (Year Book  80,  88-90);  Mandoli 
and  Briggs,  1982a),  raised  two  issues 
that  have  been  investigated  in  the  past 
year.  First,  since  the  sites  of  photoper- 
ception  as  empirically  determined  did 
not  correspond  to  those  regions  where 
phytochrome  was  known  to  be  most 
concentrated,  we  investigated  in  Auena 
seedlings  the  sites  of  response  and  phy- 
tochrome-mediated  cell  morphogenesis 
(Schaer  et  al.,  this  Report).  Second,  since 
the  empirically  determined  sites  of  pho- 
toperception  could  be  explained  and 
modeled  once  the  fiber-optic  properties 
of  these  tissues  were  known  (Mandoli 
and  Briggs,  1982a),  we  undertook  a  more 
complete  biophysical  exploration  of  tis- 
sue light-guiding  (Mandoli  and  Briggs, 
1982b).  This  report  summarizes  the  re- 
cently published  biophysical  data  on 
light-guiding  by  plant  tissues  (Mandoli 
and  Briggs,  1982b),  describes  more  re- 
cent findings,  and,  finally,  indicates  po- 
tential areas  of  future  exploration  and 
exploitation  of  the  phenomenon. 

Total  internal  reflection  is  a  special- 
ized case  of  light  scatter  which  occurs 
in  a  medium  with  a  refractive  index 
higher  than  that  of  its  surroundings; 
essentially,  light  becomes  trapped  in  the 
inner  medium.  A  fiber  optic  is  distin- 
guished from  other  light-scattering 
agents  in  that  it  can  transfer  light  lon- 
gitudinally with  high  efficiency  even 
when  bent.  Etiolated  plant  stems  and 
roots,  although  only  a  hundredth  as  ef- 
ficient as  commercial  fibers,  are  also 
able  to  guide  light  directionally  over 
long  distances  ( >  45  mm)  and  can  guide 
light  around  corners  or  curves  in  the 
tissues  (frontispiece,  Mandoli  and 
Briggs,  1982a).  Thus,  they  are  consid- 
ered true  fiber  optics. 

Fiber  optics  can  work  individually  or 
when  bundled  together,  since  there  is 
little  if  any  lateral  light  transfer  from 


one  fiber  to  another.  The  glowing  end 
of  an  etiolated  plant  tissue  resembles  a 
multifiber-optic  bundle  with  the  cell 
walls  dark  and  the  interior  of  the  cells 
bright  with  light.  If  this  tissue  is  lon- 
gitudinally halved,  half  the  fibers  re- 
main intact  and  half  the  light  originally 
being  guided  emerges  from  the  cut  end. 
If  the  tissue,  despite  appearances,  were 
a  unifiber  optic,  no  light  would  emerge 
from  the  end,  since  the  ragged  surface 
left  by  the  razor  cut  would  scatter  light 
laterally,  causing  complete  loss  of  the 
light-guiding. 

A  multifiber-optic  bundle  can  receive 
light  only  at  or  above  a  certain  angle. 
This  acceptance  angle  is  primarily  a 
function  of  the  ratio  of  the  refractive 
index  of  the  internal  and  external  me- 
dia (i.e.,  the  critical  angle,  Snell's  law) 
and  the  surface  geometry  of  the  bundle. 
Etiolated  plant  tissues  all  display  an 
angular  dependence  of  this  kind,  which, 
curiously,  seems  to  be  characteristic  for 
a  given  species.  Thus,  corn  roots  and 
coleoptile,  despite  very  different  outer 
geometry  and  cutinization,  both  accept 
light  as  a  function  of  the  angle  of  in- 
cidence, yielding  a  broad  curve  with  a 
peak  at  52-54  degrees,  whereas  oat  me- 
socotyl  and  coleoptile  both  display  a 
narrow  curve  with  a  peak  at  59  degrees 
(Mandoli  and  Briggs,  1982b). 

A  multifiber  optic  may  be  composed 
of  parallel  fibers  or  it  may  be  made  of 
nonparallel  interwoven  fibers.  Only  the 
bundle  in  the  first  configuration  is  able 
to  transmit  an  image  from  one  end  to 
another  coherently,  that  is,  without 
scrambling  the  image.  The  etiolated 
tissues  examined  to  date  all  appear  co- 
herent over  at  least  20  mm  (Mandoli 
and  Briggs,  1982b). 

The  spectral  dependence  of  light-pip- 
ing in  a  single  root,  stem,  or  leaf  can 
be  measured  in  a  fluorimeter  when  the 
excitation  beam  is  set  at  zero.  This  white 
light  is  directed  to  one  spot  on  the  tis- 
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sue,  and  the  light  emerging  at  another 
spot  is  analyzed  through  the  emission 
monochromator.  The  basic  spectral  curve 
resembles  that  of  any  scattering  sam- 
ple, showing  increased  transmission 
with  increasing  wavelength.  Overlying 
this  general  pattern  are  absorption 
troughs  attributable  to  pigments  such 
as  anthocyanins  and  the  chlorophylls. 
These  pigments  are  constitutively  tis- 
sue specific  (e.g.,  carotenoids  occur  in 
mung  bean  hypocotyl  hooks  but  not  in 
the  straight  regions  of  the  hypocotyl, 
and  anthocyanins  occur  in  beet  stems) 
or  can  be  induced  with  greening  (e.g., 
chlorophylls  and  anthocyanins  in  mung 
bean).  The  sensitivity  of  the  technique 
and  the  fact  that  the  path  length  for 
light  can  be  so  long  in  these  tissues  has 
allowed  us  to  detect  extremely  small 
amounts  of  pigments.  For  example,  when 
spectrally  analyzed  with  light-piping, 
the  oat  mesocotyl  is  found  to  contain 
some  small  amount  of  carotenoids  not 
previously  detectable. 

Since  the  cell  walls  are  dark  and  the 
cell  interiors  appear  bright  while  tis- 
sues are  light-guiding  (frontispiece, 
Mandoli  and  Briggs,  1982a),  one  would 
guess  that  light  travels  through  the  cy- 
toplasm and/or  the  vacuoles  of  the  cells. 
These  tissues  can  be  infiltrated  under 
slight  vacuum  with  osmotic  or  nonos- 
motic  solutions  of  different  refractive 
indices.  Thus,  we  hoped  that  both  the 
size  of  the  light-guiding  compart- 
ments) and  the  refractive  index  of  the 
outside  of  these  compartments  could  be 
changed  and  the  effect  on  light-guiding 
assessed.  Although  the  data  obtained 
show  a  linear  decrease  in  light-guiding 
according  to  the  refractive  index  of  the 
infiltrate,  interpretation  of  these  data 
is  too  complex  to  be  of  much  value;  in 
altering  the  refractive  index  of  the  out- 
side, one  alters  the  volume  and  the  re- 
fractive index  of  the  inside,  the  ratio  of 
the  inner  and  outer  refractive  indices, 
and  the  scattering  properties  of  the  tis- 
sues (since  the  cell  wall  tends  to  crum- 
ple with  dehydration).  Fortunately,  the 


spectral  data  provide  clear  evidence  that 
both  the  cytoplasm  and  the  vacuoles  are 
light-guiding,  since  in  higher  plants 
chlorophylls  and  carotenoids  are  lo- 
cated in  the  chloroplasts  in  the  cyto- 
plasm and  anthocyanins  are  found  only 
in  the  vacuole. 

In  two  instances,  knowledge  of  this 
optical  property  of  tissues  has  changed 
our  perspective  on  a  physiological  prob- 
lem. First,  in  photomorphogenesis  in 
etiolated  oats,  light-guiding  enabled  us 
to  separate  the  optics  from  the  physi- 
ology and  strengthened  the  idea  that 
these  sites  of  photoperception  are  not 
found  in  areas  of  maximum  photo- 
chrome concentration  (Mandoli  and 
Briggs,  1982a).  Second,  the  fact  that 
light  directed  on  a  corn  or  oat  coleoptile 
tip  can  be  conducted  primarily  down  the 
"shaded,"  or  opposite,  side  of  the  organ 
(Mandoli  and  Briggs,  1982b)  requires  a 
careful  examination  of  the  role  of  light- 
guiding  in  phototropism. 

Since  light-guiding  increases  the  path 
length  of  light  through  tissues,  it  will 
continue  to  provide  a  sensitive  method 
for  detection  of  minute  amounts  of  pig- 
ments in  tissues.  Recently,  Dr.  John 
Boyer  of  the  USDA  and  the  University 
of  Illinois  spent  a  week  with  us  explor- 
ing the  potential  of  light-guiding  as  a 
measure  of  the  water  status  of  plants 
and/or  small  groups  of  cells.  We  were 
able  to  show  that  light-guiding  de- 
creases log-linearly  as  a  function  of  tis- 
sue water  loss,  and  increases  as  the 
tissue  is  rehydrated.  A  final  potential 
application  of  this  phenomenon  as  a  di- 
agnostic tool  derives  from  the  fact  that 
any  damage  to  the  tissue  substantially 
decreases  light-guiding.  Therefore  early 
stages  of  lesion  formation  in  plants  may 
be  detectable  with  the  aid  of  this  phe- 
nomenon. 
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PHYTOCHROME-MEDIATED  CELLULAR  MORPHOGENESIS 
IN  ETIOLATED  Auena  COLEOPTILES  AND  MESOCOTYLS 

John  A.  Schaer,  Dina  F.  Mandoli,  and  Winslow  R.  Briggs 


Mandoli  and  Briggs  (1981)  charac- 
terized two  phytochrome-mediated 
photoresponses  in  etiolated  oat  tissues. 
The  very  low  fluence  (VLF)  response 
resulted  in  45%  mesocotyl  suppression 
and  30%  coleoptile  stimulation  over  the 
24  h  subsequent  to  a  brief  pulse  of  red 
light.  The  VLF  was  detectable  at  10  "10 
mol  m  2  photons  of  red  light  and  be- 
came saturated  at  3  x  10  ~8  mol  m"2. 
The  LF  response  resulted  in  80%  me- 
socotyl suppression  and  60%  coleoptile 
stimulation.  The  LF  response  was  de- 
tected at  10  6  mol  m  2  photons  of  red 
light  and  became  saturated  at  3  x  10  ~4 
mol  m~2. 

Phytochrome  controls  organ  morpho- 
genesis, but  data  on  cellular  morpho- 
genesis in  either  organ  is  scarce.  Avery, 
Burkholder,  and  Creighton  (1937)  found 
that  in  the  oat  mesocotyl,  white  light 
at  low  fluence  rates  inhibited  cell  di- 
vision while  light  at  higher  fluence  rates 
inhibited  both  cell  division  and  elon- 
gation. However,  even  the  low  fluences 
of  white  light  used  in  that  analysis  were 
above  saturation  of  the  VLF  and  LF 
photomorphogenic  responses  described 
by  Mandoli  and  Briggs  (1981). 

Goodwin  (1941)  reported  two  phases 
in  the  inhibition  of  oat  mesocotyl  elon- 
gation in  response  to  red  light.  The  very- 
light-sensitive  phase  was  attributed  to 
a  suppression  of  cell  division  in  the 
meristematic  zone.  He  found  44% 
suppression  of  cell  number  by  a  fluence 
of  red  light  between  VLF  and  LF  sat- 
uration (19  erg  mm  x  =  10 ~13  mol  m~2 
at  660  nm).  Goodwin  (1941)  also  re- 
ported no  change  in  cell  length  in  re- 
sponse to  the  same  10  13  mol  m~2 
fluence  of  red  light.  A  problem  in  Good- 
win's analysis  is  that  a  brief,  unquan- 
titated  exposure  to  dim  red  light  was 
used  to  select  seedlings  for  his  experi- 
ment. This  treatment  obviously  com- 
plicates interpretation  of  his  results. 


Thomson  (1954)  found  that  cell  length 
in  the  mesocotyl  decreased  by  54%  and 
cell  number  decreased  by  31%  in  re- 
sponse to  saturating  fluences  of  white 
light.  In  addition  to  using  large  flu- 
ences of  white  light,  Thomson  reported 
averaged  results  for  the  entire  organ,  a 
limitation  common  in  all  the  aforemen- 
tioned experiments. 

Hopkins  and  Hillman  (1965)  re- 
ported that  growth  in  excised  segments 
of  oat  coleoptiles  75-78  h  old  was  af- 
fected only  by  changes  in  cell  length. 
They  reported  a  23%  increase  in  co- 
leoptile segment  lengths  in  response  to 
a  3-min  irradiation  with  red  light.  No 
change  in  cell  number/segment  in  re- 
sponse to  red  light  irradiation  was  found 
in  these  same  segments.  Thus,  they 
concluded  that  changes  in  segment 
length  were  entirely  the  result  of  a 
stimulation  of  cell  elongation.  Unfor- 
tunately, unsafe  dim  green  lights  were 
used  in  these  experiments  (cf.  lino  and 
Carr,  1981;  Mandoli  and  Briggs,  1981). 

Available  studies  on  the  effect  of  phy- 
tochrome photoconversion  on  cellular 
morphogenesis  in  oat  seedlings  are  lim- 
ited in  usefulness  because  of  the  use  of 
safe  lights,  because  fluences  are  far 
above  saturation  of  the  LF  photore- 
sponse,  and  because  cellular  morpho- 
genesis responses  are  averaged  over  the 
entire  organ. 

An  additional  puzzle  is  that  although 
phytochrome  has  been  found  through- 
out the  etiolated  oat  seedling  (Briggs 
and  Siegelman,  1965;  Coleman  and 
Pratt,  1974),  the  sites  of  photopercep- 
tion  in  oat  seedlings  (1.5-2.5  mm  above 
the  node  and  4.5-6.5  mm  below  the  node 
of  72-h-old  seedlings  [Mandoli  and 
Briggs,  1981])  do  not  match  the  two  re- 
gions wherein  phytochrome  is  most 
heavily  concentrated — the  coleoptilar 
node  and  tip  (Briggs  and  Siegelman, 
1965;  Pjon  and  Furuya,  1968).  These 
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data  could  be  explained  if  the  absolute 
concentration  of  phytochrome  in  a  given 
cell  was  less  important  than  that  cell's 
ability  to  respond  to  red  light  and  affect 
the  particular  response — in  this  case, 
stimulation  of  coleoptile  and  suppres- 
sion of  mesocotyl  growth. 

A  new  technique  has  been  developed 
which  allows  marking  in  total  darkness 
of  54-h-old,  intact  etiolated  oat  seed- 
lings at  1-mm  intervals.  These  marks 
can  be  used  to  monitor  growth  re- 
sponses of  specific  regions  of  the  co- 
leoptile and  the  mesocotyl  to  red  light. 
The  responses  can  then  be  related  to  the 
sites  of  photoperception  and  the  sites  at 
which  the  highest  concentrations  of 
phytochrome  are  found.  The  relative 


contributions  of  cell  elongation  and  cell 
division  to  these  responses  in  each  re- 
gion have  been  assessed  for  red  light 
fluences  in  the  VLF  and  LF  response 
ranges. 

Growth  responses  of  marked  regions 
of  intact,  etiolated  oat  seedlings  have 
been  measured  for  both  the  very  low 
fluence  and  low  fluence  photomorpho- 
genic  responses  to  red  light,  and  the 
relative  roles  of  cell  elongation  and  di- 
vision in  producing  these  responses  have 
been  assessed  for  both  the  coleoptile  and 
the  mesocotyl  (Fig.  5).  In  the  coleoptile, 
the  region  from  2.6  mm  to  3.7  mm  below 
the  tip  showed  a  stimulation  of  growth 
in  the  very  low  fluence  range  signifi- 
cantly greater  than  the  whole  organ  re- 
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Fig.  5.  Summary  of  the  regional  growth  analysis.  Drawings  represent  mean  organ  lengths  and 
average  size  of  regions,  as  determined  by  the  mean  position  of  the  lamp-black  marks.  Seedlings  shown 
represent  the  dark  initial  control,  dark  final  control,  and  seedlings  that  have  received  irradiations 
just  above  saturation  of  either  the  VLF  or  LF  photoresponses.  D  refers  to  the  process  of  cell  division, 
and  E  to  the  process  of  cell  elongation.  The  thickness  of  the  arrow  denotes  the  strength  of  the  average 
regional  response  to  R  in  relation  to  the  average  response  of  all  other  regions  within  an  organ.  The 
orientation  of  the  arrow  signifies  either  stimulation  or  suppression  of  the  process. 
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sponse.  By  contrast,  the  region 
immediately  below  the  coleoptile  tip  and 
the  two  regions  just  above  the  coleop- 
tilar  node  account  for  larger  percent- 
ages of  the  coleoptile  low  fluence 
response  than  the  central  regions  of  the 
coleoptile;  these  regions  are  25-56% 
more  stimulated  than  the  average  re- 
sponse of  the  entire  organ.  The  very  low 
fluence  and  low  fluence  responses  in  the 
coleoptile  are  both  produced  by  a  stim- 
ulation of  cell  elongation  (Fig.  5).  Stim- 
ulation of  elongation,  for  all  regions, 
averaged  127%  and  159%  of  the  dark 
final  control  in  response  to  fluences  of 
red  light,  which  saturates  either  the  very 
low  fluence  or  the  low  fluence  re- 
sponses, respectively.  In  the  coleoptile, 
cell  division  is  slightly  inhibited  by  flu- 
ences in  the  VLF  range,  and  slightly 
stimulated  by  fluences  in  the  LF  range. 
At  a  fluence  just  saturating  for  the 
very  low  fluence  response,  one-sixth  of 
the  mesocotyl  closest  to  the  node  is  sup- 
pressed in  its  growth  to  42%  of  the  dark 
control,  whereas  the  whole  mesocotyl  is 
suppressed  to  only  an  average  of  55% 
of  dark  final-control  length.  In  response 
to  red  light,  which  saturates  the  low 
fluence  response,  the  whole  mesocotyl 
is  suppressed  to  34%  of  dark  final-con- 
trol length,  and  this  suppression  is 
spread  evenly  over  the  entire  organ  (Fig. 
5).  In  the  apical  one-sixth  of  the  me- 
socotyl, a  strong  suppression  of  cell  di- 
vision (to  50%  of  the  dark  control  in  the 
very  low  fluence  range  and  to  25%  in 
the  low  fluence  range),  and  a  weak 
suppression  of  cell  elongation  (93%  in 
the  very  low  fluence  range  and  to  79% 


in  the  low  fluence  range)  occurs.  In  the 
lower  five  regions  of  the  mesocotyl,  red 
light  in  the  very  low  and  the  low  fluence 
ranges  suppresses  only  cell  elongation 
(Fig.  5).  Average  suppression  for  all  five 
regions  yields  regions  61%  or  51%  as 
long  as  the  dark  final  control  in  re- 
sponse to  red  light  pulses,  which  satu- 
rate the  very  low  or  the  low  fluence 
responses,  respectively.  The  hypothesis 
that  light  accelerates  the  cellular  ma- 
turation sequence  in  oats  is  discussed 
elsewhere  in  relation  to  these  data 
(Schaer  et  al.,  1982).  Analysis  of  these 
data  also  indicate  that  the  difference 
between  red-light-induced  growth 
stimulation  and  suppression  in  the  co- 
leoptile and  mesocotyl,  respectively,  in- 
volves primarily  opposite  responses  in 
the  cell  elongation  process. 
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ASPECTS  OF  RED  LIGHT  AND  AUXIN  EFFECTS  ON 
SECTIONS  FROM  ETIOLATED  OAT  COLEOPTILES 

James  R.  Shinkle  and  Winslow  R.  Briggs 


Recently,  Mandoli  and  Briggs  (Year 
Book  78,  140-144;  Year  Book  79,  126- 
128;  1981)  demonstrated  that  dim  green 
light  is  not  an  appropriate  safelight  for 
the  study  of  phytochrome-controlled 


photomorphogenesis  in  oats.  They  stud- 
ied whole  plants,  whereas  this  report 
focuses  on  coleoptile  sections  floated  on 
aqueous  buffer.  All  tissue  is  handled  in 
complete  darkness,  except  when  con- 
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trolled  irradiations  are  given  for  ex- 
perimental purposes. 

The  aqueous  buffer  medium  allowed 
both  for  the  direct  measurement  of  red 
light  effects  and  for  the  study  of  auxin 
responses  alone  or  in  combination  with 
red  light  responses. 

Etiolated  oats  (Auena  satiua,  cv  Lodi) 
were  grown  as  by  Mandoli  and  Briggs 
(1981),  for  72-76  h  in  total  darkness. 
All  manipulations  were  carried  out  in 
complete  darkness.  Four  or  five  coleop- 
tiles,  with  some  mesocotyl  attached, 
were  removed  from  the  seedling  by  hand 
and  placed  in  a  special  two-blade  cutter. 
The  cutter  removed  a  3-mm  tip  section, 
leaving  the  next  5.7  mm  between  the 
blades.  These  sections  were  then  placed 
in  9-10  ml  of  5  mM  potassium  phos- 
phate buffer  containing  80  (jlM  chlor- 
amphenicol in  a  petri  dish  on  ice.  (Other 
test  substances  are  also  present  in  this 
solution.)  Sections  were  collected  for  up 
to  six  treatments  (six  dishes)  in  a  given 
harvest.  By  rotating  delivery  of  4-5  sec- 
tions around  all  petri  dishes  in  a  given 
harvest,  each  treatment  dish  received 
the  same  distribution  of  sections  with 
respect  to  time  after  cutting.  Each  har- 
vest took  less  than  one  hour,  and  yielded 
between  18  and  30  sections  per  dish. 
Two  or  more  harvests,  performed  in  se- 
ries, were  used  for  experiments  requir- 
ing more  than  six  treatments.  When 
each  harvest  was  concluded,  dishes  were 
removed  from  ice,  irradiated  if  protocol 
called  for  light  treatment,  and  placed 
in  complete  darkness  on  a  gyrotory 


shaker  running  at  60  rpm.  Incubation 
time  was  counted  from  when  the  dishes 
were  placed  on  the  shaker. 

Red  light  was  provided  by  a  source 
described  by  Mandoli  and  Briggs  (1981), 
and  far-red  light  was  provided  by  a 
source  described  by  Gorton  and  Briggs 
(1980).  Auxins  were  applied  in  ethanol 
solution,  no  treatment  receiving  more 
than  0.1%  ethanol. 

Elongation  was  measured  after  12  h 
incubation.  Sections  were  removed  from 
buffer,  blotted  dry,  placed  on  a  clear 
glass  plate,  and  photocopied.  The  fac- 
simile sections  were  measured  individ- 
ually by  a  computer-assisted  digitizer 
described  by  Mandoli  and  Briggs  (1981). 
The  program  used  provides  mean  and 
standard-error  determinations  for  each 
treatment  population. 

Red  light  has  been  shown  to  stimu- 
late elongation  of  coleoptile  sections 
(Huisinga,  1964;  Hopkins  and  Hillman, 
1966),  both  detipped  and  intact.  Table 
4  presents  our  data  confirming  this 
finding  for  detipped  sections.  It  should 
be  noted  that  the  red-light-induced 
stimulation  of  elongation  occurs  in  the 
absence  of  exogenously  applied  auxin. 
The  regeneration  of  a  physiological  tip 
probably  provided  some  endogenous 
auxin  during  the  12-h  incubation  pe- 
riod. 

In  potassium  phosphate  buffer,  plus 
or  minus  sucrose,  the  threshold  for  red 
light  stimulation  of  elongation  is  1  nmol 
cm-2  of  660-nm  light.  Saturation  occurs 
at  100-1000  nmol  cm   2.  If  auxin  is  added 


TABLE  4.  Red  Light  Effect  on  Increase  in  Length  of  Oat  Coleoptile  Sections  Harvested  at  72  h* 


pH5.5 

5%  sucrose 

pH5.9 

5%  sucrose 

pH5.9 

1%  sucrose 

Increase  in  Length,  Dark 

1.25  (22) 

1.13  (20) 

1.03  (18) 

Increase  in  Length,  Red 

1.90  (33) 

1.98  (35) 

1.85  (32) 

Light-induced  Increase 

0.65  (52) 

0.85  (75) 

0.80  (76) 

*Sections  were  floated  on  5  mM  K-phosphate  buffer  with  80  (J.M  chloramphenicol.  Red-light-induced 
increase  in  length,  mm,  during  12  h  following  harvest.  Initial  length,  5.7  mm.  Standard  error,  less 
than  0.07  mm.  Red  light  fluence,  10  3  mol  photons/m2.  Values  given  in  mm;  values  in  parentheses 
are  %. 
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at  a  concentration  of  10  6  M  or  higher, 
the  threshold  and  saturation  are  at- 
tained with  1000-fold  less  light.  In  both 
cases,  far-red  light  is  capable  of  induc- 
ing 100%  of  the  red-light-induced  re- 
sponse (data  not  shown).  The  capacity 
of  far-red  light  to  induce  completely  the 
red  light  effect  suggests  that  the  re- 
sponse is  phytochrome  mediated  and 
analogous  to  the  VLF  response  in  whole 
seedlings  (Mandoli  and  Briggs,  1981). 
In  the  presence  of  added  auxin  during 
irradiation,  the  sensitivity  to  red  and 
far-red  light  is  the  same  as  for  the  VLF 
response  (data  not  shown).  Far-red  re- 
versal has  not  yet  been  attempted. 

The  auxin  responses  of  etiolated  oat 
tissue  handled  in  complete  darkness  are 
also  complex.  The  dose-response  curve 
for  IAA-induced  increase  in  length  is 
separated  into  two  ranges  linked  by  a 
narrow  plateau  extending  from 
6  x  10"7M  to  10 "6M.  The  low  concen- 
tration range  spans  from  3  x  10~9Mto 
3  x  10  "7M.  The  magnitude  of  re- 
sponse in  this  range  is  pH  dependent, 
lower  pH  increasing  the  magnitude  of 
response.  Decreasing  the  pH  from  5.9 
to  5.5  also  broadens  the  plateau  down 
to  3  x  10  ~7M,  whereas  increasing  it  to 
6.2  eliminates  the  plateau  entirely.  At 
auxin  concentrations  from  10  6M  to 
3  x  10  "5M,  the  growth  response  is  pH 
independent  (Fig.  6). 

It  is  likely  that  at  low  auxin  concen- 
trations, the  auxin  response  is  me- 
diated through  a  saturable  auxin  uptake 
carrier  located  in  the  plasma  mem- 
brane. The  uptake  is  driven  by  a  pH 
gradient  across  the  plasma  membrane. 
Such  a  carrier  has  been  described  in 
vivo  by  Sussman  and  Goldsmith  ( 1981 ), 
and  in  vitro  by  Hertel  et  al.  ( 1982).  Both 
groups  have  shown  that  the  proton-dri- 
ven uptake  carrier  has  a  low  affinity 
for  the  auxin  one-napthalene-acetic  acid 
(1-NAA).  Our  hypothesis  that  carrier- 
mediated  uptake  of  IAA  is  the  cause  of 
the  discontinuous  IAA  dose-response 
curves  predicts  that  the  dose-response 
curve  for  1-NAA  would  not  exhibit  this 
discontinuity,  and  that  the  growth  re- 
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Fig.  6.  IAA  dose-response  curve  for  sections 
from  72-h-old  oat  coleoptiles  harvested  and  in- 
cubated in  complete  darkness.  Sections  were 
floated  on  5  mM  K-phosphate  buffer,  5%  sucrose, 
and  80  (xM  chloramphenicol  for  12  h  at  pH  5.5 
(broken  line),  pH  5.9  (dots),  and  pH  6.2  (solid 
line).  Error  bars  on  first  two  points  represent  the 
range  of  standard  error  for  all  points  on  each 
curve. 


sponse  of  our  sections  would  be  reduced 
at  lower  auxin  concentrations.  Both  of 
these  predictions  proved  correct  (data 
not  shown). 

Red  light  also  has  a  marked  effect  on 
the  IAA  dose-response  curve.  A  two- 
minute  irradiation  (fluence  approxi- 
mately 100  nmol  cm  2)  increases  the 
final  length  of  sections  at  all  concen- 
trations of  IAA.  Irradiation  does  not  af- 
fect the  plateau  in  the  dose-response 
curve  at  pH  5.9.  However,  the  concen- 
tration of  IAA  that  causes  maximal  in- 
crease in  length  is  lowered  almost  half 
a  log  unit  by  red  light  (Fig.  7). 

Although  red  light  causes  a  further 
increase  in  length  over  the  increase 
caused  by  a  given  concentration  of  IAA, 
these  two  factors  do  not  act  in  a  simple 
additive  fashion.  The  effect  of  auxin  is 
significantly  greater  in  the  absence  of 
red  light.  This  result  is  obtained  if  the 
increase  is  expressed  either  on  an  ab- 
solute length  or  on  a  percentage  basis. 
At  3  x  10   9M  IAA,  there  is  even  a  small 
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Fig.  7.  Effect  of  red  light  on  auxin  dose-re- 
sponse curve,  and  total  increase  in  length  of  oat 
coleoptile  sections  harvested  at  72  h.  Sections  were 
floated  on  5  mM  K-phosphate  buffer,  5%  sucrose, 
80  (jlM  chloramphenicol,  pH  5.9,  for  12  h.  Error 
bars  on  first  two  points  represent  the  range  of 
standard  error  for  all  points  on  each  curve. 


but  significant  inhibition  of  elongation 
by  IAA  in  the  red-irradiated  sections. 

There  are  several  results  suggesting 
the  independence  of  these  IAA-  and  red- 
light-induced  increases  in  elongation. 
IAA-induced  increases  in  length  are  in- 
hibited by  increased  sucrose  concentra- 
tion (data  not  shown),  while  sucrose 
concentration  has  little  effect  on  the  red- 
light-stimulated  increase  in  length  (Ta- 
ble 4).  Conversely,  pH  has  little  effect 
on  the  maximal  increase  in  length  in- 
duced by  IAA,  while  there  is  a  sharp 
pH  optimum  for  the  maximum  red-light- 
induced  increase  in  length  (Table  4,  Fig. 
6,  and  data  not  shown).  In  addition,  it 
is  difficult  to  explain  the  results  pre- 
sented in  Fig.  7  by  a  common  mode  of 
action  of  red  light  and  IAA.  There  is  no 
concentration  of  IAA  at  which  there  is 
not  a  further  increase  in  length  induced 
by  red  light. 

Hopkins  and  Hillman  (1966)  re- 
ported that  red  light  acts  through  an 
increase  in  cell  length  alone.  This  may 
be  the  same  for  auxin  but  has  only  been 
shown  in  sections  that  had  received  some 
light.  Pike  and  Richardson  (1977)  re- 
port that  red  light  induces  proton  se- 


cretion in  oat  coleoptile  sections,  and 
proton  secretion  is  considered  to  be  a 
necessary  element  of  auxin-induced  in- 
crease in  cell  length  (Rayle  and  Cle- 
land,  1977).  If  red  light  and  auxin  act 
independently  in  stimulating  section 
growth,  they  act  in  parallel  in  the  con- 
trol of  cell  elongation. 

The  two-phase  IAA  dose-response  be- 
havior exhibited  by  the  oat  coleoptile 
sections  studied  here  may  result  from 
growing  these  plants  in  complete  dark- 
ness. Cleland  (1972)  found  no  such 
anomaly  in  the  IAA  dose-response  be- 
havior of  oat  coleoptile  sections,  but  he 
had  given  the  plants  a  pre-irradiation 
with  red  light  to  increase  coleoptile 
length  and  had  used  a  different  cultivar 
of  oats.  Pre-irradiations  (before  sec- 
tions are  cut)  have  been  shown  to  alter 
section  responses  to  red  light.  Hopkins 
and  Hillman  (1966)  reported  a  loss  of 
red-light-induced  increase  in  section 
length  if  the  whole  plants  were  irra- 
diated more  than  two  hours  before  being 
cut.  Hence,  whole-plant  irradiations  may 
alter  other  characteristics  of  cut-sec- 
tion behavior. 

We  have  reported  here  a  variety  of 
responses  of  sections  cut  from  etiolated 
oat  coleoptiles  handled  in  complete 
darkness.  It  is  likely  that  the  system 
can  be  used  to  separate  and  character- 
ize the  pathways  by  which  red  light  and 
auxin  induce  increased  elongation  in  this 
tissue. 
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SOIL  LIGHT  TRANSMISSION:   IMPLICATIONS  FOR 
PHYTOCHROME-MEDIATED  RESPONSES 

Dina  F.  Mandoli,  Lawrence  Waldron*  Jeffrey  A.  Nemson*  and  Winslow  R.  Briggs 


The  existence  of  an  extremely  sen- 
sitive photoresponse  in  Auena  sativa 
shoots  (Blaauw  et  al.,  1968;  Mandoli  and 
Briggs,  1981)  and  hints  that  this  type 
of  very  low  fluence  response  (VLF)  may 
induce  geotropism  in  some  roots  (Cu- 
curbita:  Tepfer  and  Bonnett,  1972;  Zea: 
Quail,  Year  Book  77,  336-339)  has  led 
to  investigations  of  light-induced  geo- 
tropism in  corn  (Briggs,  Mandoli,  and 
Tepperman,  unpublished)  and  the 
physical  properties  of  soil  light  trans- 
mission. Surprisingly,  there  is  little  if 
any  literature  on  the  latter  subject. 

Five  agriculturally  important  soils 
were  selected  for  study  (Table  5).  Since 
most  of  these  soils  were  heterogeneous 
in  content  (mixtures  of  sand,  loam,  silt, 
and  clay)  and  hence  for  size  of  particles 
present,  they  were  fractionated  into 
classes  of  uniform  size  prior  to  mea- 
surement. Each  fraction  was  examined 
for  absolute  light  transmission  and 
spectral  dependence  of  that  transmis- 
sion as  a  function  of  depth  and  hydra- 
tion state. 

All  sands  and  soil  fractions  show  a 
log-linear  decrease  in  light  transmis- 
sion as  a  function  of  sample  depth  for 
depths  greater  than  2  mm  (all  r2  =  0.99). 
(The  optical  densities  (  -  log  %T)  of  10- 
mm-deep  samples  ranged  from  2.51  for 
sands  to  42.17  for  a  small-particle  frac- 
tion of  silty  loam;  all  values  were  cal- 
culated from  linear  regressions.)  As 
particle  size  of  a  given  soil  or  sand  de- 
creases, light  transmission  decreases, 
since  space  decreases  between  the  par- 
ticles. 

No  change  in  optical  density  is  seen 
as  the  materials  are  hydrated  until  the 
material  is  water  saturated.  More-com- 
plex measuring  systems  that  increase 
light  scatter  within  the  sample  are  ap- 

*Department  of  Plant  and  Soil  Biology,  Uni- 
versity of  California,  Berkeley,  CA. 


parently  able  to  detect  changes  in  light 
transmission  at  water  contents  less  than 
saturation  (Hoa,  1981).  At  water  sat- 
uration, the  sands  show  from  101-  to 
103-fold  decreases  in  optical  density, 
while  the  loams  and  silts  show  from  1029- 
to  1033-fold  increases  in  optical  density. 
In  sands,  light  loss  at  air-particle  in- 
terfaces is  far  greater  than  at  the  water- 
particle  interfaces,  since  the  disparity 
in  refractive  indices  is  not  as  great  in 
the  latter  instance.  In  the  hydrated  state 
as  well,  the  path  length  for  light  is  con- 
siderably less  than  when  the  sample  is 
air-dry.  Little  or  no  compacting  of  the 
sands  occurs  upon  the  addition  of  water, 
whereas  the  silt  and  loam  do  compact. 
Thus  these  soils  decrease  the  free  space 
between  particles  (i.e.,  the  sample  be- 
comes denser),  and  light  transmission 
decreases. 

Light  transmission  through  all  sand 
fractions  of  large  particle  size  at  shal- 
low depths  resembles  a  simple  scatter- 
ing curve:  Transmission  increases  as  a 
function  of  increasing  wavelength.  As 
the  particle  size  decreases,  a  peak  in  the 
spectra  moves  in  from  the  right:  i.e., 
there  is  a  blue  shift  in  the  spectrum. 
All  silt  and  loam  fractions  show  a  peak 
in  the  far-red  region  of  their  spectra 
and,  unlike  the  sands,  this  peak  does 
not  shift  as  particle  size  is  decreased. 

The  same  patterns  of  spectral  shifts 
are  seen  when  the  depth  of  a  given  frac- 
tion is  increased.  Increasing  the  depth 
of  a  sand  fraction  results  in  a  blue  shift 
in  the  spectrum,  while  increasing  depth 
of  a  silt  or  loam  fraction  does  not. 

Hydration  of  sand  fractions  increases 
transmission  and  causes  a  red  shift  in 
the  spectrum.  Hydration  of  silt  and  loam 
fractions  does  not  alter  their  spectra. 
The  spectra  obtained  for  the  sands  are 
probably  a  product  both  of  the  trans- 
mission of  light  through  the  particles 
and  the  reflectance  of  light  from  the 
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TABLE  5.  Composition  and  Physical  Description  of  the  Sands  and  Soils  Used 


Soil  Tvoe 

Size 

Distribution* 

Organic 

Munsell 

No. 

Series 

Texture 

Sand 

Silt 

Clay 

Contentt 

Color,  dry 

S24 

Quartz 

sand 

100 

0 

0 

0 

Eprim 

sand 

86 

14 

1 

0 

10YR8/l,white 

S44H 

Oakley 

sand 

88 

7 

5 

0.37 

7.5YR5/4,brown 

S134A 

Hanford 

sand  loam 

70 

24 

6 

0.86 

10YR4/3,dark  brown 

S107B 

Yolo 

silt  loam 

28 

52 

20 

1.17 

10YR5/2,gray  brown 

*USDA-Particle  size  distribution  expressed  in  percentage  by  weight.  Diameter  2.0-0.05  mm  by 
sieving;  diameter  <0.05  by  sedimentation  and  Stokes'  Law. 
tOrganic  carbon,  %  by  weight,  by  Walkley-Black  method. 


particle  surfaces.  The  effects  of  varying 
particle  size,  depth,  and  hydration  state 
are  all  compatible  with  this  simple  model 
when  one  considers  that  light  trans- 
mission through  the  soil  particles  of 
black  silt  and  loam  is  essentially  non- 
existent, while  transmission  through 
those  of  sands  is  relatively  great.  The 
reflectance  spectra  of  these  samples  has 
yet  to  be  measured,  although  cursory 
examination  of  reflectance  spectra  for 
sands  and  soils  of  similar  size,  color, 
and  other  characteristics  indicates  that 
this  simple  model  is  plausible. 

Changes  of  light  quality  through 
sands  and  soils  as  particle  size  and  depth 
change  may  have  interesting  biological 
ramifications.  In  Oakley  sand,  for  ex- 
ample, large  R/FR  changes  are  found 
as  a  function  of  particle  size.  For  2-mra- 
deep  samples,  the  R/FR  ratio  is  1.0  (ar- 
bitrary units)  in  the  absence  of  parti- 
cles, 0.9  for  particles  1-2  mm  in 
diameter,  and  0.6  for  particles  of  0.5— 
0.7  mm.  As  particle  diameter  decreases 
further,  from  0.3  to  0.1  mm,  the  ratio 
increases  back  up  to  0.9.  This  shift  oc- 
curs as  the  peak  in  transmission  moves 
through  the  FR  to  the  R  spectral  re- 
gions. No  such  change  occurs  for  silts 
and  loams,  since  they  show  no  spectral 
changes  with  decreasing  particle  size. 
Similar  changes  in  the  R/FR  ratio  occur 
for  a  given  particle  size  for  the  sands 
as  sample  depth  is  varied  (Fig.  8).  All 
curves  have  an  R/FR  ratio  of  1.0  (ar- 
bitrary units)  at  0  mm  depth;  with  in- 
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Fig.  8.  Changes  in  the  ratio  of  red  to  far-red 
light  transmitted  through  two  agriculturally  im- 
portant sands  as  a  function  of  depth.  Two  un- 
sieved  sands,  Oakley  and  Eprim,  and  two  sized 
fractions  of  Oakley  sand  at  several  depths  are 
shown. 


creasing  depth,  all  decrease  to  a 
minimum  and  then  increase  to  about 
0.9.  The  depth  at  which  the  minimum 
occurs  changes  from  1.5  to  5  mm  as  par- 
ticle diameter  changes  from  0.1-0.25  to 
1-2  mm  (Fig.  8).  One  might  predict  that 
since  geotropism  is  light  potentiated  in 
some  roots  and  appears  to  be  phyto- 
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chrome  mediated  (Quail,  Year  Book  77, 
336-339),  the  depth  at  which  surface 
roots  grow  or  "track"  beneath  the  soil 
surface  might  be  a  function  of  soil  depth 
at  which  a  given  R/FR  ratio  is  estab- 
lished in  the  soil  horizon.  This  situation 
would  be  analogous  to  phytochrome- 
mediated  regulation  of  growth  of  plants 
under  a  shade  canopy.  Eventually,  we 
hope  to  understand  the  interaction  be- 
tween the  phytochrome-mediated  root 
physiology  and  the  soil  optics  so  that  a 


picture  of  the  ecology  occurring  be- 
neath the  soil  can  be  formed. 
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SPECTRAL  ANALYSES  OF  ANTENNA  CHLOROPHYLL  a  IN 

BARLEY 

Jeanette  S.  Brown 


An  important  area  of  photosynthesis 
research  concerns  the  molecular  ar- 
rangement of  chlorophyll  in  vivo  that 
determines  its  function  in  light  har- 
vesting and  energy  transfer.  Our  in- 
vestigations in  this  area  using  spectral 
analyses  of  chloroplasts  and  isolated 
chlorophyll-protein  complexes  have 
continued  this  year.  We  have  isolated 
chlorophyll  fractions  highly  enriched  in 
either  photosystem  I  (PS  I)  or  photo- 
system  II  (PS  II)  from  both  intermit- 
tent-light-grown (ImL)  wild-type  and 
daylight-grown  (DL)  mutant  barley 
leaves.  This  mutant  (Highkin,  1950) 
lacks  Chi  b  and  the  light-harvesting  Chi 
alb  protein  (LHC);  the  ImL-grown,  wild- 
type  plants  have  only  traces  of  Chi  b 
{Year  Book  80,  15-20). 

We  compared  a  number  of  spectra  us- 
ing the  computer-assisted,  curve-fitting 
program,  RESOL.  In  previous  curve 
analyses,  the  650-nm  region  of  a  nor- 
mal spectrum  was  composed  of  a  single 
650-nm  component  band  representing 
Chi  b,  plus  a  broad  640-nm  band  rep- 
resenting lower  vibrational  levels  of  Chi 
a.  In  the  6-less  mutant  we  still  need  a 
broad  650-nm  band  to  fit  the  spectrum. 
Therefore,  we  now  think  that  two  broad 
component  bands  near  635  and  650  nm 
should  be  used  in  fitting  all  spectra.  In 


this  way,  not  only  do  we  obtain  a  closer 
fit  to  this  spectral  region,  but  we  can 
also  better  estimate  the  real  proportion 
of  Chi  b  absorption  represented  by  the 
component  near  650  nm  having  a  half- 
bandwidth  of  about  12  nm. 

Fluorescence-emission  spectra  be- 
tween 670  and  710  nm  of  the  different 
barley  chloroplasts  were  also  analyzed 
with  the  RESOL  program.  It  may  be 
significant  that  three  major  component 
bands  at  686,  693,  and  704  nm  were 
found  in  each  spectrum  (Brown  and 
Schoch,  1982). 

When  an  absorption  spectrum  of  iso- 
lated LHC  (Year Book  78, 193-194)  was 
subtracted  from  a  DL-grown,  wild-type 
spectrum  after  normalizing  the  Chi  b 
components,  the  resulting  difference 
closely  resembled  the  spectrum  of  the 
Chi  6-less  mutant.  This  result  suggests 
both  that  the  mutant  is  lacking  the  Chi 
a  molecules  normally  associated  with 
LHC  and  that  the  spectrum  of  LHC  is 
practically  unchanged  by  the  isolation 
procedure.  We  have  also  found  that  LHC 
preparations  isolated  from  peas,  spin- 
ach, wheat,  and  barley  have  identical 
absorption  spectra.  This  observation 
correlates  with  the  fact  that  the  chlo- 
roplast  spectra  of  most  higher  plants 
are  very  similar. 
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The  Chi  a  spectrum  of  ImL-grown 
chloroplasts  is  different  both  from  DL- 
grown  wild-type  and  from  mutant,  a 
difference  not  completely  explained  by 
the  lack  of  LHC.  By  disrupting  ImL- 
thylakoids  with  sodium  deoxycholate 
(DOC)  followed  by  sucrose  gradient 
centrifugation,  we  have  obtained  two 
green  particle  fractions:  The  lighter 
contains  only  PS  I  (Chl:P700  -  145:1); 
the  heavier  is  depleted  in  PS  I  but  re- 
tains some  PS  II  activity  (approxi- 
mately 80  (xmol  dichlorophenol- 
indophenol  reduced  mg  Chi " x  h  " :  from 
diphenylcarbazide).  Spectra  of  these 
fractions  were  compared  with  analo- 
gous fractions  obtained  from  the  Chi  b- 
less  mutant  by  both  sucrose  gradient 
centrifugation  and  polyacrylamide  gel 
electrophoresis. 

Like  Waldron  and  Anderson  (1979), 
we  found  about  twice  as  much  Chi  a  in 
the  PS  I  fraction  as  in  the  PS  II  fraction 
of  the  mutant.  Generally  in  normal 
green  plants  about  50%  of  the  total 
chlorophyll  is  attached  to  the  LHC  and 


20-30%  to  the  PS  I  complex.  Because 
LHC  is  most  closely  allied  to  PS  II,  at 
least  70%  of  the  chlorophyll  belongs  to 
this  system.  Therefore,  it  was  of  inter- 
est to  find  that  about  70%  of  the  chlo- 
rophyll in  ImL-grown  plants  also 
fractionated  with  PS  II  even  though  lit- 
tle if  any  LHC  was  present.  We  con- 
clude that  by  growing  seedlings  under 
light-limited  conditions  (15  min  weak 
illumination  every  4  h),  the  normal  ac- 
cumulation of  Chi  b  and  LHC  is  pre- 
vented (Cuming  and  Bennett,  1981)  and 
most  of  the  Chi  a  becomes  attached  in 
an  abnormal  manner  to  proteins  close 
to  PS  II  reaction  centers.  This  abnormal 
arrangement  is  deduced  from  the  ab- 
sorption spectrum,  which  differs  from 
that  of  a  normally  greened  plant  (cf. 
curves  for  0  and  28  h,  Fig.  9.).  In  ad- 
dition, the  spectrum  of  the  PS  I  fraction 
from  ImL-grown  plants  absorbs  at 
shorter  wavelengths  than  DL-grown  or 
even  mutant  PS  I  fractions.  The  small, 
long-wavelength  components  near  700 
nm  are  depleted,  and  this  depletion  may 
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Fig.  9.  Absorption  and  fluorescence  emission  spectra  measured  at  77  K  for  chloroplasts  from  barley 
seedlings  grown  in  ImL  for  eight  days  and  then  exposed  to  continuous  light  for  from  0  to  28  h. 
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account  for  the  relatively  low,  long- 
wavelength  fluorescence  emission  from 
these  plants  (Fig.  9,  0  h). 

To  illustrate  the  changes  in  absorp- 
tion and  fluorescence  that  occur  when 
barley  seedlings  grown  under  ImL  for 
a  week  are  exposed  to  a  normal  light- 
dark  cycle,  we  measured  spectra  of 
chloroplasts  prepared  from  these  plants 
at  the  beginning  (0  h)  of  a  continuous 
light  period  and  after  2,  4.3,  6,  and  28 
h.  (An  8-h  dark  period  was  interposed 
between  12  and  20  h.)  As  can  be  seen 
in  Fig.  9,  a  significant  change  in  the 
shape  of  the  spectra  occurred  between 
2  and  4.3  h.  The  absorption  maximum 
narrowed  and  shifted  toward  longer 
wavelengths,  while  a  long-wavelength 
fluorescence  maximum  near  730  nm  in- 
creased. After  4  h,  both  Chi  b  absorp- 
tion near  650  nm  and  the  long- 
wavelength  emission  continued  to  in- 
crease, while  the  wavelength  maxi- 
mum of  the  latter  shifted  from  733  to 
743  nm. 

RESOL  analyses  of  the  0-h  and  28-h 
absorption  spectra  are  shown  in  Fig.  10. 
The  changes  in  proportion  of  compo- 
nent bands  reflect  rearrangements  in 
the  antenna  chlorophyll  of  the  two  pho- 


tosystems:  The  Chi  b  band  increased 
and  shifted  from  651  to  649  nm,  the 
670-  and  684-nm  Chi  a  components  de- 
creased relative  to  the  678-nm  compo- 
nent, the  690-nm  component  increased, 
and  the  692-nm  component  shifted  to 
696  nm. 

Comparisons  of  spectra  of  isolated 
photosy stems  discussed  above  (see  also 
Brown  and  Schoch,  1981;  Brown  et  al., 
1983)  help  us  to  interpret  these  spectral 
shifts.  Under  ImL,  PS  II  has  a  rela- 
tively large  proportion  of  the  684-nm 
component,  whereas  LHC,  added  dur- 
ing later  greening,  has  almost  none.  Also 
under  ImL,  PS  I  has  a  large  670-nm 
component,  but  after  greening  its  longer- 
wavelength  component  bands  are  rel- 
atively greater.  Thus  the  overall  ab- 
sorption of  antenna  Chi  a  molecules  in 
each  of  the  two  photosystems  shifts  in 
opposite  directions  when  the  plant  re- 
ceives continuous  light.  Not  only  does 
insufficient  light  limit  the  accumula- 
tion of  LHC,  but  it  also  prevents  the 
antenna  Chi  a  around  each  reaction 
center  from  accumulating  in  a  normal 
manner.  Nevertheless,  these  abnormal 
antenna  arrangements  do  not  appear  to 
affect  the  activity  of  the  PS  I  and  PS  II 
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< 
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Fig.  10.  RESOL  analyses  of  the  0-  and  28-h  absorption  spectra  shown  in  Fig.  9.  The  measured 
data  are  plotted  as  points,  while  the  line  through  them  is  the  sum  of  the  component  curves.  Band 
maximum  and  half-bandwidth  (given  in  parentheses)  in  nm.  The  error  of  fit  at  each  point  is  shown 
below  each  spectrum  on  a  scale  with  the  designated  magnification. 
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reaction  centers,  which  are  fully  func- 
tional in  ImL-grown  and  Chi  6— less 
mutant  plants  (Year  Book  80,  16-20). 
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SPECTRAL  PROPERTIES  OF  DEGREENED  CELLS  OF 

Chlorella  fusca 

L.  H.  Grimme,  M.  Fawley,  and  J.  S.  Brown 


Photoautotrophically  grown  cells  of 
the  unicellular,  green  alga  Chlorella 
fusca  (strain  211-15,  Alga  Culture  Col- 
lection, University  of  Gottingen,  F.R.G.) 
show,  when  transferred  to  a  nitrate- 
limited  medium,  an  adaptive  metabolic 
response.  After  a  period  of  from  three 
to  four  weeks,  there  occurs  a  systematic 
disassembly  of  the  structural  and  func- 
tional integrity  of  the  single  chloroplast 
in  each  cell,  decomposition  of  the  chlo- 
rophylls, and  formation  of  extraplas- 
tidic  keto-carotenoids.  These  degreened, 
orange  cells  are  photosynthetical- 
ly  inactive,  have  a  low  total  chloro- 
phyll content  (approximately  1%  of  the 
original),  and  a  low  Chi  alb  ratio,  1.6— 
1.8  (Grimme  and  Porra,  1974).  The  cells 
regreen  within  20-30  h  when  they  are 
incubated  in  a  nitrate-rich  medium  in 
the  light,  and  this  process  is  accom- 
panied by  the  development  of  photo- 
synthetic  activity  (Grimme,  1978).  With 
this  developmental  system,  we  may 
analyze  properties  of  chloroplasts  at  in- 
termediate stages  during  the  metabolic 
adaptation  that  leads  either  to  photo- 
synthetically  incompetent  (degreening- 
process)  or  competent  (regreening-pro- 
cess)  cells. 

We  present  here  the  low-temperature 
absorption  and  fluorescence  emission 
spectra  of  Chlorella  fusca  cells,  which 
were  kept  for  eight  weeks  under  nitro- 
gen-deficient conditions.  This  culture 
was  orange  in  color  and  photosynthet- 


ically  inactive  (Fig.  11,  dashes).  Spectra 
of  normally  green  Chlorella  mem- 
branes (solid  lines)  are  shown  for  com- 
parison. The  green  cells  were  broken 
and  diluted  to  reduce  possible  flatten- 
ing of  their  absorption  spectrum  and 
reabsorption  of  fluorescence  emission 
caused  by  a  too-high  chlorophyll  con- 
centration. The  spectra  of  degreened 
cells  show  very  distinctive  changes.  The 
main  chlorophyll  absorption  peak  was 
shifted  from  678  to  668  nm;  the  650- 
nm,  Chi  b  peak  became  a  shoulder;  and 
a  shoulder  near  698  nm  appeared.  The 
long-wavelength  fluorescence  emission 
near  720  nm  practically  disappeared. 

These  spectral  changes  indicate  that 
the  chlorophyll  remaining  in  the  de- 
greened cells  is  delocalized  from  its 
functional  microenvironment.  The  ag- 
gregated, antenna  chlorophyll  around 
photosystem  I,  which  is  the  source  of 
the  long-wavelength  emission,  has  ap- 
parently been  lost.  Because  there  is  more 
Chi  b  compared  to  Chi  a  in  the  de- 
greened cells,  the  relative  decrease  in 
absorption  at  650  nm  is  surprising.  The 
absorption  coefficient  of  Chi  b  is  nec- 
essarily being  modified  in  some  way. 
Despite  the  inactivity  of  its  photosyn- 
thetic  machinery,  however,  degreened 
Chlorella  is  able  to  protect  the  chloro- 
phylls in  this  state  over  long  periods 
(more  than  12  months)  even  under  con- 
tinuous illumination.  The  degreened 
cells  still  show  light-induced  redox  re- 
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Fig.  11.  Absorption  and  fluorescence  emission  spectra  (77  K)  of  Chlorella  membranes  (solid  lines) 
and  degreened  cells  (dashed  lines).  Excitation  at  438  nm;  slitwidth,  10  nm;  emission  slitwidth,  3  nm. 


actions  of  their  cytochromes  (Grimme 
and  Lorenz,  1981)  as  well  as  some  var- 
iable fluorescence. 
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SPECTRAL  ANALYSIS  OF  DETERGENT-SOLUBILIZED 
PHOTOSYNTHETIC  MEMBRANES 

Marvin  Fawley,  L.  Horst  Grimme,  and  Jeanette  S.  Brown 


Much  of  our  understanding  of  the 
pigment-protein  composition  of  plants 
has  come  from  studies  using  sodium  do- 
decylsulfate  (SDS)  to  solubilize  intrin- 
sic membrane  proteins  followed  by 
polyacrylamide  gel  electrophoresis 
(PAGE).  Unfortunately,  SDS  changes 
these  complexes  to  the  extent  that  most 
photochemical  activity  is  destroyed,  and 
frequently  the  spectroscopic  character- 
istics are  greatly  altered.  In  addition, 
mild  SDS  procedures  developed  for 
higher-plant  chloroplasts  will  not  so- 
lubilize pigment-protein  complexes  from 
some  mutants  and  many  algae.  Re- 
cently, sodium  deoxycholate  (DOC)  with 
SDS  or  DOC  alone  has  been  used  to 
separate  pigment-protein  complexes 
from  Chi  6-less,  mutant  barley  (Wald- 


ron  and  Anderson,  1979)  and  from  wild- 
type  barley  grown  with  intermittent 
light  (Brown  et  al.,  1983).  One  of  our 
main  concerns  with  each  detergent  pro- 
cedure is  its  effect  on  the  native  spec- 
tral properties  of  the  isolated  Chi 
proteins.  Therefore,  we  determined  the 
spectral  changes  induced  by  solubili- 
zation of  photosynthetic  membranes 
from  various  plants  with  DOC,  DOC  plus 
SDS,  and  sodium  taurodeoxycholate 
(TDOC),  which  is  similar  to  DOC  but 
active  over  a  wider  pH  range  (Helenius 
et  a/.,  1979). 

For  this  study,  we  used  wild-type  and 
Chi  6-less,  mutant  (Highkin,  1950) 
barley  (Hordeum  vulgare)  and  the  green 
alga  Chlorella  fusca.  Chloroplasts  of  both 
wild-type  and  mutant  barley  were  pre- 
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pared,  as  previously  described  (Brown 
and  Schoch,  1982).  Chlorella  mem- 
branes were  prepared  by  passing  the 
cells  through  a  French  Press  at  15,000 
psi  in  a  medium  containing  100  mM 
sucrose,  10  mM  KC1,  1%  Bovine  serum 
albumin,  and  125  mM  potassium  phos- 
phate buffer,  pH  7.2.  Membranes  were 
sedimented  at  20,000g  after  removal  of 
large  particles  and  whole  cells  by  a  low- 
speed  centrifugation.  The  membranes 
were  washed  successively  with  10  mM 
KC1,  125  mM  potassium  phosphate 
buffer  (pH  7.2),  1  mM  EDTA,  and  fi- 
nally with  50  mM  Tricine-NaOH,  pH 
8.  The  washed  membranes  were  resus- 
pended  to  1  mg  Chl/ml  in  the  latter 
buffer.  An  equal  volume  of  one  of  the 
following  solubilization  media  was  added 
to  give  the  final  weight  ratios  indicated: 
2%  DOC  and  1%  SDS  (DOC:SDS:Chl  = 
20:10:1),  5%  DOC  (DOC:Chl  =  50:1), 
2%  TDOC  (TDOC:Chl  =  20:1),  or  5% 
TDOC  (TDOC:  Chi  =  50:1),  all  in  0.6 
M  Tris-HCl,  pH  8.8.  In  addition,  5% 
TDOC,  0.6  M  Tris-HCl  at  pH  7  and  8 
were  tested.  Initially,  the  mixtures  were 
incubated  at  4°C  for  30  min  with  stir- 
ring, but  this  step  was  later  found  to  be 
unnecessary.  The  suspension  was  then 
homogenized  and  centrifuged  immedi- 


ately at  40,000g  for  30  min.  This  su- 
pernatant was  used  for  spectral 
measurements  at  77  K. 

The  absorption  spectra  of  the  super- 
natants  from  wild-type  barley  and 
Chlorella  were  similar  to  those  of  the 
untreated  thylakoids  except  for  a  slight 
decrease  at  678  nm.  Fluorescence  emis- 
sion spectra  were  more  noticeably  dif- 
ferent, with  a  large  increase  in  emission 
at  683  nm  relative  to  the  long-wave- 
length maximum.  The  long-wave- 
length maximum  did  not  shift  with  any 
treatment.  On  the  other  hand,  the  ab- 
sorption spectrum  of  mutant  barley  was 
affected  by  solubilization.  RESOL  de- 
convolutions  of  absorption  spectra  of 
mutant  thylakoids  and  their  DOC/SDS 
supernatant  are  shown  in  Fig.  12.  There 
is  a  relative  decrease  in  absorbance  at 
678  nm  compared  to  670  nm.  The  areas 
of  the  component  curves  above  678  nm 
also  decreased.  Changes  in  fluorescence 
emission  after  detergent  solubilization 
(Fig.  13)  were  similar  to,  but  greater 
than,  those  observed  for  normal  barley. 

The  differences  observed  between 
mutant  and  normal  barley  chloroplasts 
are  probably  related  to  the  organization 
and  composition  of  their  membranes.  In 
mutant  barley  about  one-third  of  the 
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Fig.  12.  RESOL  analyses  of  absorption  spectra  (77  K)  of  mutant  barley  thylakoid  membranes  before 
and  after  treatment  with  the  detergents  DOC  and  SDS.  The  measured  data  are  plotted  as  points, 
while  the  line  through  them  is  the  sum  of  the  component  curves.  The  error  of  fit  at  each  point  is 
shown  below  each  spectrum  on  a  scale  with  the  designated  magnification. 
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Fig.  13.  Fluorescence  emission  spectra  (77  K) 
of  mutant  barley  thylakoid  membranes  before 
(solid  line)  and  after  (broken  line)  detergent 
treatment. 


chlorophyll  is  antenna  for  photosystem 
II  and  the  remainder  is  for  photosystem 
I  (Waldron  and  Anderson,  1979).  But  in 
normal  green  plants,  over  50%  of  the 
chlorophyll  is  in  the  Chi  alb  protein 
complex  (LHC)  which  is  primarily  an- 
tenna for  photosystem  II.  The  differ- 
ences noted  in  this  study  suggest  that 
the  antenna  chlorophyll  close  to  each 
reaction  center  is  much  more  suscep- 
tible to  detergent  action  than  is  LHC. 
Therefore,  in  normal  green  plants  de- 
tergent-induced changes  in  absorption 
of  antenna  chlorophyll  close  to  each  re- 
action center  may  be  effectively  masked 
by  the  LHC. 

At  least  three  different  explanations 
may  account  for  the  spectral  changes 
shown  in  Figs.  12  and  13.  One  is  that 
a  portion  of  the  chlorophyll  is  solubi- 
lized  into  the  detergent  micelles,  where 
it  absorbs  and  fluoresces  maximally  near 
670  and  678  nm,  respectively.  Because 
the  fluorescence  yield  of  detergent-sol- 
ubilized  chlorophyll  is  high,  a  small 
amount  of  extracted  pigment  can  cause 
a  large  change  in  the  emission  spec- 
trum. 

A  second  explanation  relates  to  the 


hypothesis  formulated  to  explain  the 
complex  spectra  of  Chi  proteins.  It  has 
often  been  proposed  that  each  of  the  ab- 
sorbing components  may  represent  a 
different  group  of  noncovalently  bound 
chlorophyll  molecules  located  in  differ- 
ent regions  of  a  protein  molecule.  A  re- 
finement of  this  idea  is  that  point 
charges  cause  spectral  shifts  of  adjacent 
pigment  molecules  (Davis  et  al.,  1981). 
Therefore,  any  detergent  that  acts  on 
proteins  would  probably  change  their 
overall  charge  and  consequently  cause 
changes  in  the  chlorophyll  absorption. 
Strong  ionic  detergents  like  SDS  would 
be  expected  to  produce  greater  shifts 
than  weaker  detergents  like  DOC.  It  is 
significant  that  in  this  study,  solubili- 
zation with  SDS  in  combination  with 
DOC  prevented  the  larger  spectral  shifts 
noted  with  SDS  alone. 

Third,  interaction  of  different  pig- 
ment-protein complexes  within  photo- 
synthetic  membranes  may  be 
responsible  for  some  of  the  observed 
chlorophyll  absorption  and  fluores- 
cence components  (Mullet  et  al.,  1980). 
Detergents  may  alter  spectral  charac- 
teristics by  breaking  these  interac- 
tions. 

Our  data  do  not  yet  allow  us  to  choose 
between  these  explanations  for  deter- 
gent action;  possibly  a  combination  of 
effects  is  operating. 
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SPECTRAL  CHARACTERIZATION  OF  PIGMENT-PROTEIN 
COMPLEXES  FROM  THE  DIATOM  Phaeodactylum  tricornutum 

Marvin  W.  Fawley,  L.  Horst  Grimme,  and  Jeanette  S.  Brown 


Diatoms  are  an  important  component 
of  many  marine  and  freshwater  ecosys- 
tems and  make  an  important  contri- 
bution to  global  photosynthesis.  In  this 
and  other  groups  of  algae,  Chi  c  and  the 
carotenoid  fucoxanthin  supplement  Chi 
a  in  harvesting  light  energy.  Very  little 
is  known  about  the  organization  of  these 
pigments  in  thylakoid  membranes.  Re- 
cent work  indicates  that  the  photosys- 
tem  I,  P700-Chl  a-protein  complex  (CPI) 
in  brown  algae  is  similar  to  that  found 
in  green  plants  (Barrett  and  Anderson, 
1980).  However,  several  different  an- 
tenna complexes  have  been  character- 
ized by  various  solubilization  and 
separation  techniques  (Barrett  and  An- 
derson, 1980;  Alberte  et  al,  1981;  Gug- 


liemelli  et  al.,  1981).  Until  now,  no 
procedure  has  produced  a  fraction  with 
characteristics  similar  to  the  photosys- 
tem  II  complex  of  higher  plants. 

In  this  study  we  were  able  to  separate 
five  spectrally  different  complexes  from 
the  diatom  Phaeodactylum  tricornutum 
Bohlin,  including  probable  photosys- 
tem  I  and  II  complexes.  We  used  a  new 
technique  involving  solubilization  with 
the  anionic  detergent  sodium  tauro- 
deoxycholate  (TDOC),  followed  by  po- 
lyacrylamide  gel  electrophoresis  (PAGE) 
in  the  presence  of  sodium  dodecylsul- 
fate  (SDS).  P.  tricornutum  was  har- 
vested by  centrifugation,  resuspended 
in  100  mM  sucrose,  125  mM  phosphate 
buffer,  pH  7.4,  1%  bovine  serum  albu- 


1 

1 

'             1             '             1             '             1 

1 

1         ' 

"q5 

/ 

!h 

^ 

_/• 

\    X 

\      \ 

<U 

[        \ 

O 

L             \ 

1- 

> 

;A  1 

J3 

y    .  1 

^H 

a      I 

o 

\ 

1       i 

M 

/;        ( 

X> 

■  s. 

A 

a         t 

< 

f         1 

1 

1 

1    1    1    1    1    1 

i 
i 
I 
1 

I 

\ 

1   1 
i   I 
\  \ 
v  \ 

400  450  500  550  600  650  700 

Wavelength,  nm 


650     700 


Fig.  14.  Absorption  and  fluorescence  emission  spectra  (77  K)  of  pigment-protein  complexes  from 
Phaeodactylum  tricornutum:  band  la,  solid;  band  2,  dots;  band  3,  dashes.  Excitation  at  438  nm; 
emission  slitwidth  =  3  nm. 
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min,  5  mM  e-amino-n-caproic  acid,  and 
1  mM  benzamidine-HCl,  and  broken  by 
passage  through  a  French  pressure  cell 
at  15,000  psi.  The  photosynthetic  mem- 
branes were  washed  extensively  and 
solubilized  with  2.5%  TDOC  in  0.3  M 
Tris-HCl,  pH  7,  at  50:1,  TDOC:Chl.  The 
suspension  was  homogenized  and  cen- 
trifuged  immediately  at  40,000g  for  15 
min.  The  brown  supernatant  which 
contained  the  pigment-protein  com- 
plexes was  applied  to  polyacrylamide 
tube  gels.  The  buffer  system  used  was 
similar  to  that  of  Waldron  and  Ander- 
son (1979)  except  that  the  resolving  gel 
contained  12%  acrylamide  and  the  up- 
per reservoir  buffer,  0.05%  SDS. 

Six  pigmented  bands  were  resolved 
using  this  procedure.  Fluorescence 
(emission  and  excitation)  and  absorp- 
tion spectra  of  gel  slices  were  measured 
at  77  K.  Spectra  of  the  best-resolved  gel 
bands  are  shown  in  Fig.  14.  The  slowest 
migrating  bands  (1  and  la)  were  very 
close  together  and  are  probably  similar 
to  the  CPI  and  CPIa  bands  obtained  by 
SDS-PAGE  of  higher  plants  (Waldron 
and  Anderson,  1979).  When  a  higher 
concentration  of  SDS  was  used  in  the 
upper  reservoir  buffer,  more  pigment 
was  found  in  the  second  band  than  in 
the  first.  Absorption  and  fluorescence 
emission  spectra  of  these  two  bands  were 
very  similar  (band  la,  solid  line).  The 
Chi  a  absorption  maximum  was  at  675 
nm  with  a  noticeable  shoulder  at  696 
nm.  Fluorescence  emission  was  diffi- 
cult to  characterize  because  of  its  ex- 
tremely low  yield.  The  Chi  a  absorption 
maximum  of  band  2  (dotted  line)  was 
at  671  nm;  this  gel  band  also  contained 
a  small  amount  of  Chi  c  absorbing  near 
635  and  465  nm,  and  carotenoid  ab- 
sorbing near  500  nm.  Gel  band  2  was 


highly  fluorescent  with  a  major  peak  at 
684  nm.  In  both  Chi  a  absorption  and 
fluorescence,  band  2  resembles  the  CPa 
band  (photosystem  II)  resolved  from  Chi 
6-less  mutant  barley  by  a  similar  pro- 
cedure (Waldron  and  Anderson,  1979). 
The  absorption  maximum  of  Chi  a  in 
band  3  (dashed  line)  was  also  at  671  nm, 
but  its  emission  maximum  was  at  677 
nm  with  a  second  band  near  640  nm 
from  Chi  c.  Bands  4  and  5  (not  shown) 
have  not  yet  been  well  resolved;  how- 
ever, Chi  a  absorption  and  emission 
spectra  were  similar  to  those  of  band  3. 
Band  4  was  green  and  contained  Chi  c, 
while  band  5  was  orange  and  contained 
fucoxanthin.  Based  on  their  spectral 
characteristics,  bands  3,  4,  and  5  were 
probably  all  antenna  complexes.  There 
is  the  possibility  that  the  Chi  a  in  bands 
4  and  5  was  not  a  part  of  the  native 
complexes  but  rather  free  Chi  a  in  this 
region  of  the  gel.  This  idea  is  supported 
by  comparison  of  the  densitometer  trac- 
ings of  the  gels  measured  at  either  675 
or  525  nm,  which  shows  that  the  fucox- 
anthin gel  band  is  not  aligned  with  a 
Chi  a  gel  band.  Also,  these  bands  do  not 
show  excitation  energy  transfer  from 
Chi  c  or  fucoxanthin  to  Chi  a. 

The  interaction  of  these  complexes  and 
their  further  characterization  are  sub- 
jects of  continuing  work. 
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DYE  PHOTOOXIDATION  BY  THE   CHLOROPHYLL-PROTEIN 

COMPLEX  OF  Nostoc 

C.  Stacy  French 


Photooxidation  by  chlorophyll,  the 
apparent  reversal  of  photosynthesis, 
continues  to  be  viewed  as  a  damaging 
process  but  one  which  may  also  have  a 
useful  physiological  effect  (Powles  and 
Osmond,  1979;  Berry  and  Bjorkman, 
1980).  The  reduction  of  the  dye  DCIP 
has  long  been  useful  in  studying  the 
reductive  electron  transport  system  in 
photosynthesis.  So,  too,  the  photooxi- 
dation of  the  same  dye  from  its  reduced 
form  provides  a  convenient  system  to 
study  photooxidation. 

The  water  extract  of  the  blue-green 
alga  Nostoc  prepared  by  Arnon  and  co- 
workers (Arnon  et  al.,  1974)  was  pre- 
viously used  to  measure  the  action 
spectrum  for  the  photooxidation  of  re- 
duced DCIP  with  an  excess  of  ascorbate 
in  the  medium.  That  action  spectrum 
showed  equal  effectiveness  for  all  forms 
of  chlorophyll  a  present.  The  photoox- 
idation was  found  to  be  neither  a  pho- 
tosystem  I  nor  a  photosystem  II  process 
(French,  1977).  In  these  earlier  exper- 
iments, since  the  photochemical  oxi- 
dation was  just  balanced  by  the  rate  of 
dye  reduction  by  ascorbate,  a  pho- 
tostationary  state  was  achieved.  In  a 
later  report,  which  described  the  time 
course  and  quantum  yield  of  this  re- 
action, a  simple  first-order  equation  was 
found  to  describe  approximately  the  re- 
action rate  for  these  particular  condi- 
tions, giving  a  steady-state  response 
(French,  1981). 

This  year,  the  time  course  and  quan- 
tum yields  with  other  concentrations  of 
dye  and  of  excess  ascorbate  were  stud- 
ied at  various  light  intensities.  Two 
phenomena  of  interest  were  found,  nei- 
ther of  which  has  been  adequately  ex- 
plained in  detail.  In  one,  there  is  a 
continuing  rise  in  the  concentration  of 
oxidized  dye,  which  may  appear  at  high 
light  intensity.  This  continuing  rise, 
appearing  after  the  time  required  to 


reach  what  would  be  the  photostation- 
ary  state  at  lower  light  intensities  or 
higher  ascorbate  concentrations,  has  a 
constant  rate.  The  kinetics  under  these 
conditions  look  roughly  like  a  first-or- 
der rise,  as  previously  described,  upon 
which  is  superimposed  a  zero-order 
photochemical  oxidation  having  a  much 
lower  quantum  yield. 

Figure  15  shows  an  extreme  example 
of  such  a  curve,  one  that  rises  at  a  con- 
stant rate  in  prolonged  bright  light 
rather  than  reaching  a  steady  state.  This 
curve  represents  the  first  exposure  of  a 
series,  so  presumably  there  was  a  higher 
oxygen  concentration  than  was  present 
later  in  the  series.  The  reduced  dye  con- 
centration was  0.433  x  10"4M;  the  ex- 
cess ascorbate  was  0.13  x  10  3M.  The 
absorbed  light  flux  was  0.325  x  10  "6 
mol  cm  2  s"1.  Other  components  of  the 
reaction  mixture  were  similar  to  those 
given  in  French,  1981.  The  points  were 
digitized  from  a  tracing  of  the  recorded 
data.  Here,  Kr  =  0.120  (calculations 
below)  was  the  average  constant  from 
points  3-14  of  the  first-order  rise  curve. 
That  hypothetical  curve  was  obtained 
by  subtracting  the  contribution  of  the 
constant  slope  term  St  from  the  exper- 
imental value  of  oxidized-dye  concen- 
tration. Here,  S  =  0.178  M  s"1,  and 
Css  =  0.546  x  10  6M  was  the  final  level 
of  the  first-order  rise  curve  obtained  by 
subtracting  the  constant-rate  term.  The 
remarkably  close  fit  of  the  curve  cal- 
culated from  the  average  value  of  Kr  is 
consistent  with  the  assumed  combina- 
tion of  a  first-order  rise  with  a  zero- 
order  reaction  superimposed.  Families 
of  other  such  curves  are  being  prepared 
for  publication  elsewhere  but  do  not  all 
show  such  precise  fits  to  the  measured 
time  course  curves  of  dye  oxidation. 

A  second  phenomenon  recently  seen 
was  the  surprising  decline  in  the  quan- 
tum yield  during  the  course  of  one-min- 
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Fig.  15.  The  time  course  of  dye  photooxidation 
under  conditions  that  give  a  prolonged  rise  rather 
than  a  steady  state.  This  continued  rise  occurs  at 
high  light  intensity  and  low  ascorbate  concen- 
tration. The  incident  light  intensity  was  0.355  x 
10 "6  mol  cm*2  s"1  and  the  absorption  for  the 
680-nm  actinic  light  was  0.91,  including  the  light 
returned  from  the  back  reflector. 


which  depends  on  a  reaction  center  with 
an  associated  electron  transport  sys- 
tem. 

Calculations.  The  constant  slope  of  the 
later  part  of  each  exposure,  when  pres- 
ent, was  obtained  graphically  from  the 
original  recorder  trace  (8"  min~  *).  It  was 
corrected  for  the  baseline  slope  between 
the  starting  level  and  the  level  reached 
after  the  dark  period.  The  constant  slope 
was  then  converted  to  molarity  change 
per  second,  "S."  From  each  digitized 
point  on  the  recorded  curve  after  con- 
version to  molarity,  the  value  of  St  was 
subtracted  (t  in  seconds),  to  give  the 
concentration  C"  of  oxidized  dye  formed 
by  the  first-order  reaction. 

The  final  hypothetical  "steady-state" 
constant  level  of  oxidized  dye  concen- 
tration "C"ss"  thus  obtained  was  then 
used  to  determine  the  reaction  rate  Kr 
for  each  photochemical  rate  exclusive 
of  the  hypothetical  zero-order  rate.  Thus: 

Kr  =  1/fln  [C'AC'SS-C')l 


ute  light  exposure.  This  decline  was  not 
noticed  in  the  previous  work  because 
the  quantum  yields  were  calculated  only 
at  the  end  of  the  light  period.  In  the 
present  work,  yields  for  the  initial  rate 
were  calculated  during  the  light  expo- 
sure as  well.  To  avoid  the  inaccuracies 
inherent  in  estimating  initial  slopes 
graphically,  the  initial  rate  was  com- 
puted as  described  below.  The  decline 
in  yield,  as  shown  by  the  slope  of  the 
lines  in  Fig.  16,  is  greater  at  high  than 
at  low  intensity.  The  initial  rate  ex- 
trapolates to  a  quantum  yield  of  about 
0.2  at  low  intensity — significantly 
higher  than  the  value  of  about  0.12  re- 
ported earlier  from  the  final  rates.  The 
scatter  of  the  points  in  these  two  series 
of  experiments  may  be  the  result  of  var- 
iations in  the  dissolved  02  content,  which 
was  not  controlled.  The  amount  of  as- 
corbate consumed  was  calculated  for 
each  exposure  but  was  far  too  low  to 
account  for  the  random  variability  seen. 
This  photooxidation  may  involve  di- 
rect effects  of  photoactivated  chloro- 
phyll on  oxygen,  unlike  photoreduction, 


o.o 
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Light  absorbed,  mole  quanta,  cm    2  s    '  x   106 

Fig.  16.  The  initial  and  final  rates  of  dye  pho- 
tooxidation at  various  high  intensities  for  one- 
minute  exposures.  At  high  intensity  the  rate  de- 
clines during  the  exposure.  The  initial  rate  ex- 
trapolates to  a  quantum  yield  of  about  0.2  at  low 
intensity  by  contrast  with  the  lower  rates  for  the 
end  of  the  light  period. 
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These  photochemical  first-order  veloc- 
ity constants  Kr  were  then  averaged  for 
each  experiment,  after  omitting  points 
too  close  to  either  zero  or  the  final  height 
to  be  accurately  measured.  The  result- 
ing average  rate  constant,  Kr,  multi- 
plied by  the  "steady-state"  concentration, 
C'ss,  gave  the  initial  rate  due  to  the  first- 
order  reaction.  To  this  rate  was  added 
the  zero-order  velocity,  S,  to  give  the 
overall  initial  rate,  which  was  then  used 
to  calculate  the  initial  quantum  yield. 

The  photochemical  rate  at  the  end  of 
the  exposure  was  obtained,  as  before, 
from  the  final  dye  concentration  mul- 
tiplied by  the  average  dark-decay  first- 
order  constant.  In  the  present  report, 
the  zero-order  slope,  S,  was  added  to 
give  the  rate  of  the  combined  photo- 
chemical action  to  calculate  the  quan- 
tum yield  at  the  end  of  the  light  period. 

Similarly,  the  calculated  time  course 
for  production  of  oxidized  dye  by  both 


the  first-order  process  and  that  of  zero- 
order  (i.e.,  the  curve  of  Fig.  15),  was 
calculated  from: 

Kt 


C  =  (St)  +  C'(l  -  e 


The  calculated  rise  curve  is  solely  an 
empirical  description  used  to  determine 
the  initial  rate  and  does  not  contain  the 
rate  constant  for  the  opposing  dark-back 
reaction,  as  in  the  equations  of  the  pre- 
vious (French,  1981)  report. 
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LIGHT-INDUCED  CHANGES  OF  ENERGY  DISTRIBUTION 

BETWEEN  THE  TWO  PHOTOSYSTEMS  IN  THE   EXTREME 

THERMOPHILIC   BLUE-GREEN  ALGA  Synechococcus  lividus 

David  C.  Fork  and  Kazuhiko  Satoh 


Since  photosynthetic  electron  trans- 
port in  plants  involves  the  cooperation 
of  two  photosystems  that  absorb  light 
of  different  colors,  in  order  to  maintain 
a  maximum  rate  of  photosynthesis  it  is 
necessary  that  both  photosystem  I  and 
II  operate  at  an  appropriate  ratio.  The 
light  conditions  under  which  a  plant 
grows  can  change  within  a  short  period 
of  time.  Chloroplasts  in  the  underside 
of  a  leaf  receive  light  of  a  different  qual- 
ity than  that  received  by  chloroplasts 
in  the  upper  layers.  Plants  living  on  the 
floor  of  a  dense  forest  receive  mostly 
light  that  has  been  filtered  through  the 
leaf  canopy  above.  Such  light  is  often 
rich  in  far-red,  a  wavelength  that  by 
itself  is  not  effectively  used  for  photo- 
synthesis. In  contrast,  algae  living  in 
the  ocean  depths  receive  light  that  is 
rich  in  green  wavelengths,  the  red  and 


blue  colors  being  scattered  or  filtered 
out  as  they  penetrate  the  upper  water 
layers. 

To  overcome  these  conditions,  plants 
have  developed  a  mechanism  to  cope 
with  changes  of  light  quality,  which  al- 
lows them  to  transfer  energy  from  one 
photosystem  to  the  other  to  provide  a 
more  balanced  excitation  of  the  two 
photosystems.  This  mechanism  has  been 
termed  the  state  I-state  II  transition. 
State  I  results  from  relatively  long  il- 
lumination by  light  I  (absorbed  mainly 
by  pigment  system  I);  an  increased 
amount  of  the  light  energy  absorbed  by 
system  II  remains  in  system  II  and  is 
not  transferred  to  photosystem  I.  In  state 
I,  chlorophyll  fluorescence  tends  to  be 
relatively  high  at  room  temperature. 
State  II  has  been  defined  as  the  state 
obtained  after  long  illumination  in  light 
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II  (absorbed  mainly  by  pigment  system 
II).  In  this  condition,  spillover  of  energy 
from  system  II  to  I  is  large,  resulting 
in  low  fluorescence  at  room  tempera- 
ture. 

Relatively  little  is  known  about  char- 
acteristics of  the  state  transitions  in  in- 
tact cells.  The  changes  in  photosystem 
I  activity  resulting  from  state  changes 
have  not  yet  been  demonstrated,  though 
such  a  demonstration  would  give  sup- 
port to  the  idea  of  energy  spillover.  One 
of  the  main  difficulties  in  studying  the 
state  transitions  is  that  the  so-called 
Kautsky  fluorescence  transients  (see 
Fig.  24)  that  occur  upon  illumination 
of  dark-adapted  cells  can  be  confused 
with  the  fluorescence  transients  re- 
sulting from  state  transitions.  As  sug- 
gested by  Fork  and  Satoh  (this  Report), 
the  Kautsky  fluorescence  transients  and 
those  transients  produced  by  state  tran- 
sitions are  manifestations  of  different 
reactions,  but  this  idea  is  not  yet  firmly 
established. 

We  chose  the  extreme  thermophile 
Synechococcus  because  it  shows  large 
state  I-state  II  transitions  ( Year  Book 
77, 283-289),  it  has  very  small  Kautsky 
transients  (so  it  is  easy  to  separate  these 
transients  from  those  produced  by  the 
state  transitions),  and  it  is  easy  to  mea- 
sure the  redox  changes  of  cytochromes. 

The  strain  of  Synechococcus  lividus 
(SY4  from  Mercedes  Edwards)  was 
grown  and  its  fluorescence  measured  as 
described  earlier  {Year  Book  77,  283- 
289;  Year  Book  78,  196-199).  Light-in- 
duced absorbance  changes  were  mea- 
sured with  a  single-beam  spectro- 
photometer. 

Figure  17  shows  examples  of  state 
transitions  for  Synechococcus  lividus 
grown  at  55°C.  In  Fig.  17  (top),  one  light 
was  turned  off  and  another  turned  on 
at  the  same  time.  In  Fig.  17  (bottom), 
system  I  light  was  superimposed  on  sys- 
tem II  light.  After  a  relatively  long  ex- 
posure to  system  II  light,  the  cells  had 
passed  into  state  II  (low-fluorescent- 
state,  energy  transferred  to  system  I). 
The  increase  of  fluorescence  when  light 
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Fig.  17.  Fluorescence  time  courses  at  685  nm 
under  light  II  and/or  light  I  illumination  in  Sy- 
nechococcus lividus.  Light  I  was  exchanged  with 
light  II  (top)  or  was  added  to  light  II  (bottom),  as 
shown  in  the  figure.  For  light  II,  632.8-nm  light 
from  a  He-Ne  laser  was  used.  For  light  I,  a  blue 
light  was  obtained  by  passing  white  light  from  a 
150W,  21.5V  lamp  through  two  Corning  glass 
filters  (4-96)  and  a  Calflex  C  heat  reflecting  filter 
(Balzers).  These  experiments  were  done  at  54°C. 


I  was  switched  on  reflects  the  transition 
from  state  II  to  state  I.  The  high-flu- 
orescent condition  of  state  I  (with  di- 
minished energy  transfer  to  system  I) 
is  seen  as  the  high-fluorescent  state  im- 
mediately after  light  I  is  turned  off.  The 
slow  fluorescence  decline  reflects  the 
slow  return  to  state  II  that  existed  in- 
itially. The  same  results  are  seen  in  Fig. 
17  (bottom). 

Fluorescence  emission  spectra  in 
states  I  and  II  are  shown  in  Fig.  18.  In 
state  I  there  was  a  preferential  increase 
of  the  system  II  fluorescence  band  at 
696  nm  (F696),  although  the  system  II 
fluorescence  band  at  685  nm  (F685)  in- 
creased somewhat.  The  system  I  fluo- 
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Fig.  18.  Fluorescence  spectra  in  states  I  and  II 
in  Synechococcus  lividus.  States  I  and  II  were 
obtained  by  illuminating  the  cells  with  system  I 
(blue)  and  II  (632.8-nm  light  from  He-Ne  laser) 
for  30  s  at  55°C,  and  then  cooling  to  77  K.  The 
blue  light  was  used  as  the  exciting  light  for  the 
measurements  of  the  spectra. 


rescence  band  at  737  nm  (F737)  was 
hardly  affected  by  a  state  II  to  I  tran- 
sition but  there  was  always  a  tendency 
for  it  to  decrease  somewhat.  The  differ- 
ence spectrum  between  states  I  and  II 
shown  in  Fig.  18  was  like  that  in  the 
red  alga  Porphyridium  (Ley  and  Butler, 
1980),  with  its  main  peak  at  695  nm 
and  a  smaller  peak  at  760  nm. 

We  noticed  that  the  rates  of  state  I 
to  II  transition  did  not  seem  to  depend 
upon  the  intensity  of  the  system  II  il- 
lumination used.  Therefore,  we  com- 
pared the  rates  of  transition  from  state 
I  to  II  both  in  system  II  light  and  in 
darkness  in  cells  that  had  been  con- 
verted initially  to  state  I  by  light  I.  We 
found  that  the  decrease  of  F696  (mea- 
sured at  77 K)  had  a  half-time  of  about 
20  s  both  in  cells  illuminated  with  sys- 
tem II  light  and  in  cells  kept  in  the 
dark.  It  was  also  confirmed  that  the  dark 
state  is  state  II;  system  II  illumination 
of  the  dark-adapted  cells  did  not  change 
their  state.  This  result  suggests  that 


the  state  I  to  II  transition  is  a  dark  pro- 
cess and  does  not  require  system  II  light 
for  conversion.  It  follows  from  this  ob- 
servation that  light  regulation  result- 
ing from  state  transitions  is  produced 
by  the  state  II  to  I  transition  induced 
by  system  I  light. 

We  investigated  in  Synechococcus 
whether  or  not  the  redox  state  of  plas- 
toquinone  had  a  regulating  effect  on 
state  transitions.  This  was  facilitated 
by  the  fact  that  in  this  alga  the  pho- 
tosynthetically  active  plastoquinone  is 
also  connected  to  respiratory  electron 
transport.  Hirano  et  al.  (1980),  found 
that  starvation  of  the  cells  increased 
the  amount  of  oxidized  plastoquinone. 

We  used  the  area  above  the  fluores- 
cence-rise curve  (complementary  area) 
in  DCMU-  or  DBMIB-treated  cells  to 
follow  the  reduction  of  Q  or  Q  plus  plas- 
toquinone (Malkin  and  Kok,  1966).  In 
nonstarved  cells,  the  complementary 
area  in  cells  was  the  same  whether 
treatment  was  with  DCMU  or  with 
DBMIB,  which  indicates  that  in  these 
cells  most  plastoquinone  was  reduced 
in  the  dark.  By  contrast,  starved  cells 
had  a  complementary  area  16  times 
higher  in  the  DBMIB-treated  cells  com- 
pared to  DCMU-treated  cells,  indicat- 
ing that  plastoquinone  was  mostly  in 
the  oxidized  state  in  the  dark.  (Table 
6). 


TABLE  6.  Complementary  Areas  of 

Fluorescence  Induction  in  the  Presence  of 

DCMU  or  DBMIB  in  Starved 

and  Nonstarved  Cells 


Complementary  areas  of 
fluorescence  induction* 


+  DCMU 


+  DBMIB 


Nonstarved  cells 
Starved  cells 


1.00 
1.00 


1.16 
15.9 


*In  relative  units.  10  m-M  DCMU  or  10  |i.M 
DBMIB  +  5  mM  ascorbate  were  added  to  the 
reaction  mixture.  Starved  cells  were  obtained  by 
accelerating  the  respiration  with  aeration  in  the 
dark  overnight.  Nonstarved  cells  were  illumi- 
nated under  usual  cultural  conditions  during  that 
time. 
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In  starved  cells  where  plastoquinone 
was  in  the  oxidized  state,  we  measured 
state  transitions  and  fluorescence  emis- 
sion spectra  and  compared  them  to 
measurements  in  nonstarved  cells.  In 
starved  cells  where  plastoquinone  was 
oxidized,  the  fluorescence  spectra  of 
dark-adapted  cells  were  the  same  as  in 
state  II.  Starved  cells  that  were  brought 
from  state  II  to  state  I  by  exposure  to 
system  I  light  converted  to  state  II  in 
the  dark  just  like  nonstarved  cells.  These 
results  show  that  state  II  induced  by 
system  I  light  as  well  as  by  the  dark 
transition  from  state  I  to  II  are  not  re- 
lated to  the  redox  state  of  plastoqui- 
none. 

The  state  transitions  are,  however, 
very  temperature  dependent.  It  was  seen 
previously  (Year Book  77,  283-289)  that 
the  state  I  to  II  transition  showed  a  break 
in  the  Arrhenius  plot  near  43°C,  the 
temperature  where  the  thylakoid  mem- 
brane lipids  of  this  alga  begin  to  solid- 
ify. Figure  19  shows  such  a  43°C  break 
in  the  Arrhenius  plots  for  the  I  to  II  as 
well  as  for  the  II  to  I  transitions  in  these 
cells.  These  results  suggest  that  some 
macromovements  of  molecules  inside  the 
thylakoid  membrane  are  necessary  be- 
fore these  transitions  occur  and  that 
these  transitions  can  take  place  only  at 
temperatures  where  the  thylakoid 
membranes  are  in  the  liquid  crystalline 
state.  We  could  fix  the  cells  in  either 
state  by  lowering  the  temperature  to 
about  20°C.  Thus  dark-adapted  cells 
stayed  in  state  II  for  long  periods  at 
20°C  even  if  they  were  illuminated  with 
system  I  light.  Conversely,  cells  brought 
to  state  I  with  system  I  light  at  55°C 
and  then  cooled  to  20°C  stayed  in  state 

I  even  when  they  were  illuminated  with 
system  II  light.  Raising  the  tempera- 
ture allowed  the  cells  to  return  to  state 

II  in  light  II  or  in  the  dark. 

This  feature  of  being  able  to  "freeze" 
Synechococcus  in  either  state  at  20°C 
allowed  us  to  measure  photochemical 
activities  of  either  system  I  or  system 
II  without  state  transitions  being  pro- 
duced by  the  actinic  light.  We  used  the 
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Fig.  19.  Arrhenius  plots  of  the  state  I  to  II  and 
II  to  I  transitions  in  Synechococcus  lividus.  In- 
creases and  decreases  of  chlorophyll  fluorescence 
with  illumination  of  the  cells  by  system  I  or  II 
light  were  measured  as  in  Fig.  17  (top).  The  re- 
ciprocals of  the  half-decay  times  were  plotted. 


fluorescence-rise  curve  in  the  presence 
of  DCMU  as  a  measure  of  the  photo- 
chemical activity  of  photosystem  II.  In 
state  I,  the  initial  fluorescence  level,  F0, 
was  increased  about  17%,  and  fluores- 
cence at  its  maximum  level,  Fm,  was 
increased  26%  compared  to  the  state  II 
condition  (Fig.  20).  The  rate  of  rise  in 
state  I  was  exponential  and  was  about 
16%  higher  than  in  state  II. 

The  initial  oxidation  rate  of  cyto- 
chrome C553  was  used  as  a  measure  of 
the  photochemical  activity  of  photosys- 
tem I  in  cells  that  had  been  "frozen"  in 
either  state  I  or  state  II  at  20°C.  The 
cells  were  treated  with  reduced  DBMIB 
to  prevent  the  reduction  of  the  cyto- 
chrome by  photosystem  II  or  by  cyclic 
electron  flow  via  plastoquinone.  By  us- 
ing low-enough  light  intensities,  we 
could  obtain  conditions  under  which  the 
rate-limiting  step  was  at  the  light  re- 
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Fig.  20.  Time  courses  of  fluorescence  at  685  nm 
measured  at  20°C  in  the  presence  of  DCMU  in 
states  I  and  II  in  Synechococcus  lividus.  States  I 
and  II  were  obtained  as  shown  in  Fig.  18.  Light 
from  a  He-Ne  laser  (632.8  nm)  was  used  as  ex- 
citation light,  but  the  light  intensity  was  de- 
creased to  9.8%. 


action.  In  both  cases  the  rate  of  cyto- 
chrome photooxidation  was  exponential, 
and  the  rate  in  state  I  was  about  30% 
lower  than  in  state  II. 

Even  at  21°C,  where  the  rate  of  the 
state  transitions  was  500  times  lower 
than  at  55°C,  we  could  still  see  marked 
fluorescence  transients  (Kautsky  ef- 
fect) during  the  dark-to-light  transi- 
tion. This  observation  shows  that  the 
reactions  producing  the  Kautsky  tran- 
sients are  less  temperature  sensitive 
than  the  state  transitions  and  that  the 
Kautsky  transients  are  produced  by  a 
mechanism  other  than  the  state  tran- 
sitions. A  similar  conclusion  was  reached 
by  Satoh  and  Fork  (this  Report)  from 
studies  with  intact  Bryopsis  chloro- 
plasts. 


The  way  energy  is  distributed  be- 
tween the  photosystems  of  photosyn- 
thesis can  be  determined  by  the  balance 
of  the  dark  transition  from  state  I  to  II 
and  by  the  system  I  light-induced  state 
II  to  I  transition.  The  mechanisms  by 
which  light  I  induces  this  state  II  to  I 
transition  is  unknown.  Perhaps  cyclic 
electron  flow  around  photosystem  I  is 
responsible  (see  next  article,  this  Re- 
port). 

It  has  recently  been  proposed  that  a 
phosphorylation  of  the  light-harvesting 
chlorophyll  alb  protein  (LHCP),  which 
is  controlled  by  the  redox  state  of  plas- 
toquinone,  induces  a  state  I  to  II  tran- 
sition. The  fluorescence  changes 
produced  by  phosphorylation  of  LHCP 
are  different  from  the  state  changes  ob- 
served here.  It  was  seen  that  the  ratio 
of  variable  (Fm—F0)  to  initial  fluores- 
cence increased  after  a  transition  from 
state  II  to  state  I  (Fig.  20).  By  contrast, 
this  ratio  remained  constant  after  phos- 
phorylation of  LHCP.  It  cannot  now  be 
determined  whether  these  differences 
are  significant  or  whether  phosphoryl- 
ation is  related  to  state  changes.  More- 
over, Horton  and  Black  (1981)  reported 
that  spillover  from  system  II  to  system 
I  was  not  changed  after  phosphoryla- 
tion of  LHCP.  Further  work  to  clarify 
these  questions  remains  to  be  done. 
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THE  PARTICIPATION  OF  CYCLIC  ELECTRON  FLOW 

AROUND  PHOTOSYSTEM  I  IN  STATE  II  TO  STATE  I 

TRANSITIONS  IN  THE  BLUE-GREEN  ALGA 

Synechococcus   lividus 

Kazuhiko  Satoh  and  David  C.  Fork 


The  previous  article  demonstrated  the 
usefulness  of  using  Synechococcus  liv- 
idus to  study  state  I-state  II  transitions 
and  showed  how  these  transitions  could 
be  distinguished  from  other  reactions 
of  photosynthesis  that  produce  fluores- 
cence transients.  We  saw  that  the  light- 
regulation  step  was  the  state  II  to  state 

I  transition  that  occurs  in  system  I  il- 
lumination. In  work  reported  here,  we 
examined  the  effects  of  electron  accep- 
tors, inhibitors  of  electron  transfer,  un- 
couplers,  and  inhibitors  of  photo- 
phosphorylation  on  this  system  I  light- 
induced  state  II  to  state  I  transition. 

Figure  21  shows  the  effects  of  several 
inhibitors  of  electron  flow  and  an  elec- 
tron acceptor  on  the  time  course  of  chlo- 
rophyll fluorescence  in  Synechococcus. 
In  these  experiments,  dark-adapted  cells 
(in  state  II,  see  previous  article)  were 
treated  with  the  substances  indicated, 
illuminated  with  system  I  light  to  in- 
duce the  state  II  to  I  transition,  and 
then  illuminated  with  System  II  light 
to  see  the  reverse,  state  I  to  II  transi- 
tion. The  control  (Fig.  21a,  no  addition) 
shows  the  kinds  of  fluorescence  tran- 
sients seen  during  state  transitions,  as 
described  in  the  previous  article. 

DCMU  did  not  inhibit  the  fluores- 
cence increase  produced  upon  the  state 

II  to  state  I  transition  but  did  inhibit 
the  fluorescence  decrease  indicative  of 
the  state  I  to  state  II  transition.  The 
effects  of  the  inhibitor  DBMIB  (2,5-di- 
bromo  -  3  -  methyl  -  6  -  isopropyl  -  p  -  benzo- 
quinone)  were  different  from  those  of 
DCMU  (Fig.  21b).  DBMIB  (Fig.  21c)  in- 
hibited the  fluorescence  rise  produced 
by  the  state  II  to  I  transition. 

Both  DCMU  and  DBMIB  inhibit  elec- 
tron transport;  however,  their  inhibit- 
ing sites  are  reversed  with  respect  to 
the  functional  site  of  plastoquinone. 


DCMU  inhibits  photoreduction  of  plas- 
toquinone but  not  its  photooxidation, 
while  DBMIB  inhibits  its  photooxida- 
tion but  not  its  photoreduction  (Trebst 
et  al.,  1970). 

One  possible  explanation  for  these  re- 
sults is  that  photooxidation  of  plasto- 
quinone is  required  for  the  light-induced 
state  II  to  state  I  transition.  But  the 
traces  shown  in  Figs.  21d  and  21e  in- 
dicate that  this  is  not  the  case,  since 
methyl  viologen,  which  accelerates 
photooxidation  of  plastoquinone  both  in 
the  presence  and  absence  of  DCMU,  was 
found  to  inhibit  the  state  II  to  state  I 
transition.  The  idea  that  plastoquinone 
controls  the  state  transition  was  also 
ruled  out  by  the  results  given  in  the 
previous  article  where  starvation  of  Sy- 
nechococcus cells,  which  led  to  accu- 
mulation of  oxidized  plastoquinone,  had 
no  effect  on  state  transitions  in  either 
direction. 

However,  the  results  obtained  using 
DCMU,  DBMIB,  and  methyl  viologen 
can  be  explained  by  assuming  that  a 
cyclic  electron  flow  around  photosys- 
tem  I  is  required  for  the  state  II  to  state 
I  transition.  DCMU,  which  inhibits 
photoreduction  of  plastoquinone  but  not 
cyclic  electron  flow,  did  not  inhibit  the 
state  II  to  I  transition,  while  DBMIB, 
which  inhibits  cyclic  electron  transport 
around  photosystem  I  by  preventing  ox- 
idation of  reduced  plastoquinone  by 
photosystem  I,  did  inhibit  the  state  II 
to  I  transition.  Methyl  viologen,  an  ef- 
ficient electron  acceptor  for  photosys- 
tem I,  inhibits  cyclic  flow  around 
photosystem  I  by  depleting  electrons 
otherwise  available  for  the  cyclic  flow. 

Since  it  was  found  that  the  state  II 
to  I  transition  was  accompanied  by  a 
specific  increase  of  the  system  II  695- 
nm  fluorescence  band  at  77  K  in  Sy- 
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Fig.  21.  Effects  of  inhibitors  of  electron  flow  and  an  electron  acceptor  on  the  time  course  of  chlo- 
rophyll fluorescence  in  Synechococcus  lividus.  System  I  light  was  switched  to  system  II  light  at  the 
points  indicated  in  the  figure.  Concentrations  of  DCMU,  DBMIB,  and  methyl  viologen  were  10  |xM, 
10  |xM,  and  1  mM,  respectively.  Ascorbate  (5  mM)  was  also  added  with  DBMIB.  Temperature  was 
51°C. 


nechococcus  (previous  article),  we  tested 
the  effect  of  substances  known  to  in- 
hibit cyclic  electron  flow  on  the  extent 
of  this  fluorescence  band  in  samples  that 
were  illuminated  with  system  I  light 
and  then  immediately  dipped  into  liq- 
uid nitrogen.  Table  7  shows  that  re- 
agents known  to  inhibit  cyclic  flow,  also 
inhibit  the  increase  of  the  695-nm  band. 
Thus  PMS  (iV-methylphenazonium 
methosulfate),  which  inhibits  in  vivo 


cyclic  electron  flow  by  establishing  a 
"short-circuit"  artificial  cyclic  flow,  in- 
hibits the  state  II  to  I  transition.  The 
results  obtained  using  the  substances 
tested  in  Fig.  21  and  others  are  con- 
firmed by  the  data  given  in  Table  7. 

It  seemed  possible  that  the  slow  flu- 
orescence-rise curve  in  cells  treated  with 
DCMU  might  reflect  the  time  course  of 
the  state  II  to  I  transition.  The  ability 
to  observe  the  time  course  easily  for  this 
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TABLE  7.  Effects  of  Inhibitors  of  Electron 

Flow  and  Electron  Acceptors  on  the  State  II  to 

I  Transition  in  Synechococcus  liuidus* 


A^695t 

No  addition 

7.4 

DCMU 

7.0 

PMS 

0 

DBMIB 

3.1 

Methyl  viologen 

2.7 

DCMU  +  PMS 

0 

DCMU  +  DBMIB 

3.9 

DCMU  +  Methyl  viologen 

1.3 

•Concentrations  of  DCMU,  PMS,  DBMIB,  and 
Methyl  viologen  are  10  jjlM,  10  |xM,  10  |xM,  and 
1  mM,  respectively.  5  mM  ascorbate  was  added 
with  PMS  or  DBMIB.  System  I  light  was  used  as 
an  actinic  light.  The  temperature  was  51°C. 

tin  relative  units. 


state  transition  would  be  a  great  ad- 
vantage, since  it  would  allow  us  to  ob- 
serve effects  of  various  substances, 
conditions,  and  treatments  on  state 
changes. 

Figure  22  shows  the  kinetics  of  the 
fluorescence  rise  in  DCMU-treated  cells 
over  relatively  long  periods  of  time  ( >30 
s).  On  this  time  scale  the  rapid  reduc- 
tion of  Q  is  completed  within  a  second 
or  so  and  is  not  detected.  Also,  Kautsky- 
type  fluorescence  transients  produced 


upon  illumination  are  strongly  inhib- 
ited and  do  not  influence  these  changes. 
For  the  traces  shown  in  Fig.  22,  the 
intensities  of  both  lights  I  and  II  were 
adjusted  to  give  equal  extents  of  chlo- 
rophyll fluorescence  in  order  to  excite 
system  II  approximately  equally.  In  this 
condition  the  rate  of  fluorescence  rise 
was  higher  in  light  I  than  in  light  II. 
Fluorescence  emission  spectra  at  77  K 
for  cells  treated  with  DCMU  and  illu- 
minated with  system  I  light,  as  in  Fig. 
22,  had  the  characteristics  expected  for 
a  state  II  to  I  transition,  i.e.,  a  specific 
increase  of  the  695-nm  fluorescence 
band.  These  results  suggest  that  the  slow 
fluorescence  increase  in  the  presence  of 
DCMU  does  indeed  reflect  the  state  II 
to  I  transition.  Since  in  the  presence  of 
10  |jlM  DCMU,  photosystem  II  is  com- 
pletely inhibited,  the  system  II  light  may 
act  as  system  I  light,  although  the  pro- 
portion of  the  light  absorbed  by  pho- 
tosystem I  is  smaller  than  that  absorbed 
by  photosystem  II. 

In  the  preceding  paper  we  showed  that 
the  state  I  to  II  transition  was  a  dark 
process  because,  in  the  absence  of  in- 
hibitors, it  was  just  as  rapid  in  darkness 
as  in  system  II  light.  However,  the  re- 


Fig.  22.  Time  courses  of  chlorophyll  fluorescence  in  light  I  and  light  II  in  the  presence  of  DCMU. 
The  concentration  of  DCMU  was  10  |xM.  Other  conditions  were  the  same  as  in  Fig.  21. 
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suits  in  Fig.  21  show  that  DCMU  did 
inhibit  the  state  I  to  II  process  in  light 
II  illumination,  again  suggesting  that, 
in  DCMU,  light  II  will  act  as  light  I  by 
stimulating  cyclic  electron  flow  and 
keeping  the  cells  in  state  I.  A  similar 
fluorescence  increase  was  reported  in 
Anacystis  by  Papageorgiou  and  Gov- 
indjee  (1968),  who  considered  the  pos- 
sibility that  state  transitions  were 
involved  in  this  increase. 

We  studied  the  effects  of  uncouplers 
and  inhibitors  of  photophosphorylation 
on  the  time  course  of  chlorophyll  fluo- 
rescence in  the  presence  of  DCMU  (state 
II  to  I  transitions).  The  uncouplers  of 
photophosphorylation  such  as  CCCP 
(carbonyl-cyanide  m-chlorophenylhy- 
drazone),  see  Fig.  23b,  and  methyl  amine 
(Fig.  23c)  decreased  the  fluorescence  rise. 
Inhibitors  of  ATPase  such  as  phlorizin 
(Fig.  23d)  and  DCCD  (N,  N'-dicyclo- 
hexyl-carbodiimide),  not  shown  in  Fig. 
23,  produced  only  a  slight  decrease  in 
the  rate  of  the  fluorescence  rise  and  lit- 
tle effect  on  the  extent.  The  inhibitor 
of  cyclic  electron  flow,  antimycin  A  (Fig. 
23e),  did  not  affect  the  extent  of  the 


fluorescence  rise  but  decreased  the  rate. 
These  results  suggest  that  the  state  II 
to  state  I  transition  is  related  to  a  pro- 
ton translocation  produced  by  a  cyclic 
electron  flow  around  photosystem  I. 
Since  noncyclic  electron  flow  induces 
large  amounts  of  proton  translocation, 
it  is  possible  that  the  state  II  to  I  tran- 
sition results  from  a  local  protonation 
or  alkalinization  in  the  thylakoid  mem- 
branes around  photosystem  I. 

The  state  transitions  observed  in  sy- 
nechococcus  are  different  from  the  flu- 
orescence changes  produced  by 
phosphorylation  of  the  light-harvesting 
chlorophyll  alb  protein  (LHCP)  in  sev- 
eral respects.  In  the  first  place,  a  blue- 
green  alga  such  as  Synechococcus  does 
not  have  LHCP  but  instead  has  phy- 
cobilisomes  as  its  photosynthetically 
active  accessory  pigment.  As  pointed  out 
in  the  previous  article,  the  behavior  of 
the  FmIF0  ratio  differs  during  phospho- 
rylation of  the  LHCP  and  in  the  state- 
transition  effect.  Moreover,  state  tran- 
sitions and  phosphorylation  of  the  LHCP 
have  different  effects  on  the  activity  of 
photosystem  I.  More  work  remains  to 


a. Control    b +CCCP      c. +Methylamine       d  +  Phlorizin       e  +Antimycin  A 


Fig.  23.  Effects  of  uncouplers  and  an  inhibition  of  phosphorylation  and  antimycin  A  on  the  time 
course  of  chlorophyll  fluorescence  in  the  presence  of  DCMU.  Concentrations  of  DCMU,  CCCP,  meth- 
ylamine,  phlorizin,  and  antimycin  A  were  10  |xM,  10  (xM,  15  mM,  2  mM,  and  0.1  mM,  respectively. 
System  I  light  was  used  as  the  active  light.  Temperature  was  52°C. 
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be  done  in  this  area,  and  the  identifi- 
cation of  the  slow  fluorescence  rise  in 
the  presence  of  DCMU  as  a  state  II  to 
I  phenomenon  will  facilitate  this  en- 
deavor. 
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STATE   TRANSITIONS  IN  THE   GREEN  ALGA  Scenedesmus 
AND  IN  A  MUTANT  LACKING  CHLOROPHYLL  b 

David  C.  Fork  and  Kazuhiko  Satoh 


In  our  previous  studies  with  the  blue- 
green  alga  Synechococcus,  we  observed 
that  dark-adapted  cells  were  in  state  II 
and  that  the  state  II  to  I  transition 
seemed  to  be  related  to  the  cyclic  flow 
of  electrons  under  the  control  of  light 
absorbed  by  pigment  system  I  of  pho- 
tosynthesis. We  have  extended  our  study 
of  state  transitions  in  photosynthesis  to 
the  alga  Scenedesmus  obliquus,  since  it 
has  the  usual  chlorophyll  alb  pigments 
found  in  other  green  algae  and  higher 
plants.  This  alga  is  also  useful  because 
a  mutant  is  available  that  has  no  chlo- 
rophyll b  and  so  lacks  the  light-harves- 
ing  chlorophyll  alb  protein  complex 
(LHCP)  whose  phosphorylation  has  re- 
cently been  asserted  to  be  the  control- 
ling factor  in  state  transitions  (Bennett, 
1979). 

Figure  24  shows  time  courses  at  room 
temperature  of  chlorophyll  fluores- 
cence in  dark-adapted  Scenedesmus  cells 
illuminated  with  light  absorbed  pri- 
marily by  photosystem  II.  These  fluo- 
rescence transients  (known  as  the 
Kautsky  effect)  are  quite  reproducible 
(if  dark-adapted  cells  are  used)  and 
usually  exhibit  maxima  at  1,  60,  and 
450  s,  minima  around  15  and  120  s, 
with  a  shoulder  at  about  3  s. 

The  origin  of  these  fluorescence  tran- 
sients is  still  not  clear.  However,  the 
first  and  largest  peak  appearing  around 
1  s  (also  termed  P,  see  Satoh  and  Fork, 
this  Report)  has  been  related  to  the  pho- 
toactivation  of  ferredoxin-NADP+  re- 
ductase (Satoh,  1981).  The  second  peak, 
appearing  at  3  s  (Mj)  has  been  ascribed 


to  proton  translocation  across  the  thy- 
lakoid  membranes  (Yamagishi  et  al., 
1978).  Later  peaks  in  the  fluorescence 
time  course  may  be  related  to  the  ini- 
tiation of  C02  fixation.  As  was  reported 
by  Satoh  and  Fork,  all  these  fluores- 
cence changes  are  probably  attribut- 
able to  variations  in  the  redox  state  of 
Q  and  plastoquinone  that  are  affected 
by  the  processes  described  above. 

However,  relatively  large  fluores- 
cence changes  can  also  be  produced  by 
two  other  mechanisms,  the  so-called 
high-energy  state  and  by  state  I-state 
II  transitions  (spillover  changes).  In 
chloroplasts  of  higher  plants,  a  large 
and  slow  fluorescence  decay  occurs  dur- 
ing the  formation  of  the  high-energy 
state,  and  is  accompanied  by  an  efflux 
of  Mg2+  ions  from  the  chloroplasts.  As 
pointed  out  by  Fork  and  Satoh,  this  Re- 
port, fluorescence  intensity  changes  also 
accompany  the  state  transitions.  For- 
tunately we  found  that  these  two 
changes  can  be  distinguished  on  the  ba- 
sis of  their  fluorescence  emission  spec- 
tra at  77  K.  High-energy-state  fluctu- 
ations are  accompanied  by  parallel 
changes  in  the  photosystem  II  bands 
near  685  and  695  nm,  while  state  tran- 
sitions show  changes  in  only  one  of  these 
bands  (data  not  shown). 

We  therefore  measured  fluorescence 
emission  spectra  in  cells  after  1  and  15 
s  of  illumination,  times  that  showed  a 
large  difference  in  fluorescence  (see  Fig. 
24).  The  cells  used  for  these  fluores- 
cence spectra  were  frozen  immediately 
after  the  illumination  period  by  plung- 
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Fig.  24.  Time  courses  of  chlorophyll  fluorescence  in  Scenedesmus  obliquus  on  two  time  scales. 
Dark-adapted  cells  were  illuminated  with  system  II  light  (632.8  nm-light  from  a  He-Ne  laser). 


ing  the  quartz  fiber  optic  containing  a 
small  amount  of  cells  into  liquid  nitro- 
gen. After  the  cells  had  cooled  to  77  K, 
the  fluorescence  actinic  light  was  turned 
on  for  a  sufficient  time  (3  min)  so  that 
both  Q  and  P680  of  the  reaction  centers 
of  photosystem  II  were  fully  in  the  re- 
duced state.  Using  this  procedure  we 
saw  little  difference  in  the  fluorescence 
emission  spectra  in  cells  that  had  been 
illuminated  for  1  and  15  s,  respectively. 
This  result  suggests  that  the  fluores- 
cence intensity  changes  seen  during  the 
first  15  s  of  the  fluorescence  time  course 
are  produced  by  variation  in  the  redox 
state  Q  and  probably  also  by  plasto- 
quinone,  a  result  consistent  with  that 
reported  below  by  Satoh  and  Fork  for 
Bryopsis  fluorescence  transients  (p.  61). 
Table  8  summarizes  the  ratios  of  sys- 
tem II  to  I  fluorescence  and  the  peak 
wavelengths  of  system  I  fluorescence  at 


77  K  after  cells  had  been  illuminated 
for  various  periods  up  to  45  min.  The 
lack  of  significant  changes  in  these  ra- 
tios or  in  the  peak  wavelength  position 
of  the  system  I  fluorescence  band  dem- 
onstrates that  all  of  the  Kautsky  tran- 
sients during  this  time  period  are 
produced  by  variations  in  the  redox  state 
of  Q  (and  plastoquinone)  and  that  spill- 
over of  energy  from  system  II  to  system 
I,  produced  either  by  the  formation  of 
the  high-energy  state  or  by  state  tran- 
sitions, is  very  small  during  this  time 
span. 

Williams  et  al.  (1980)  found  no  evi- 
dence for  a  fluorescence  change  due  to 
the  formation  of  a  high-energy  state  in 
Chlorella,  another  green  alga.  How- 
ever, the  absence  of  state  transitions 
over  this  time  period  is  somewhat  sur- 
prising, since  it  is  known  that  state 
transitions  occur  in  green  algae.  Pos- 


TABLE  8.  Effects  of  Periods  of  Preillumination  of  Dark-adapted  Scenedesmus  Cells  on  the  System 
II-System  I  Fluorescence  Ratios  and  on  the  Peak  Position  of  the  System  I  Fluorescence* 

Preillumination  Time 

0s 

1  s 

3s 

15  s 

60s 

10  min 

45  min 

iW^i                                  0.39 
F^o/F,                                  0.55 
Position  of  Fu  nm               721 

0.40 
0.54 
721 

0.39 
0.52 
721 

0.39 
0.52 
721 

0.38 
0.54 
721 

0.37 
0.58 
720 

0.36 
0.55 
721 

*The  cells  were  illuminated  with  system  II  light  (632.8  nm  from  a  He-Ne  Laser)  for  periods  indicated 
and  cooled  to  77  K,  and  then  fluorescence  spectra  measured.  F1  represents  a  system  I  fluorescence 
band  having  a  peak  around  720  nm.  The  excitation  light  for  measurements  of  fluorescence  at  77  K 
was  obtained  by  passing  white  light  through  two  Corning  4-96  filters. 


56 


CARNEGIE     INSTITUTION 


sibly,  the  formation  of  a  state  transition 
was  lost  during  the  cooling  process.  Such 
an  "escape"  from  the  state  II  to  I  was 
reported  by  Ley  and  Butler  (1980)  in 
slow-cooled  samples.  Experiments  us- 
ing slow  cooling,  rapid  cooling,  cooling 
during  illumination,  and  cooling  im- 
mediately after  illumination,  produced 
similar  fluorescence  spectra,  suggest- 
ing that  the  cooling  procedure  was  not 
the  reason  for  failure  to  observe  the  state 
change. 

The  other  explanation  for  these  re- 
sults is  that  Scenedesmus,  like  Syne- 
chococcus,  is  in  state  II  in  the  dark,  and 
since  we  used  light  primarily  absorbed 
by  photosystem  II  to  produce  the  Kaut- 
sky  fluorescence  transients,  the  cells 
remained  in  state  II.  Figure  25  shows 
the  result  obtained  when  the  dark- 
adapted  cells  were  illuminated  with  light 
absorbed  by  system  I  instead  of  system 
II.  After  this  treatment  the  cells  appear 
to  have  gone  into  state  I,  since  there 
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Fig.  25.  Fluorescence  spectra  at  77  K  of  Sce- 
nedesmus obliquus  in  states  I  and  II.  State  I  was 
obtained  by  illuminating  the  cells  with  system  I 
light  O690  nm,  projector  lamp  DLS,  150W,  with 
Schott  filter  RG-10)  for  40  min,  after  which  the 
cells  were  cooled  to  77  K.  State  II  was  obtained 
by  dark-adaptation  of  the  cells.  Other  conditions 
were  the  same  as  in  Table  8. 
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Fig.  26.  Fluorescence  induction  in  the  pres- 
ence of  DCMU  in  states  I  and  II  in  Scenedesmus 
obliquus.  States  I  and  II  were  obtained  as  de- 
scribed in  Fig.  25.  For  the  actinic  light,  a  He-Ne 
laser  (632.8  nm)  was  used.  The  arrows  in  the 
figure  show  the  half-rise  values  for  the  fluores- 
cence. 


was  a  small  decrease  of  the  fluorescence 
band  at  686  nm  and  an  increase  at  700 
nm  (equivalent  to  F695),  resulting  in  a 
change  in  the  ratios  of  the  two  system 
II  fluorescence  bands  to  the  system  I 
fluorescence  peak.  The  latter  band 
shifted  from  720  to  718  nm  after  illu- 
mination with  system  I  light.  Figure  25 
also  shows  the  difference  spectrum  for 
cells  in  state  II  minus  state  I. 

The  time  course  of  fluorescence  in- 
duction in  the  presence  of  DCMU  was 
measured  for  cells  before  and  after  long 
illumination  in  system  I  light  (Fig.  26). 
The  cells  that  were  changed  to  state  I 
after  system  I  illumination  showed  a 
larger  increase  of  Fv  compared  to  F0  and 
had  a  ratio  ofFJF0  of  1.79,  an  increase 
from  1.65  obtained  for  the  dark-adapted 
cells.  In  state  I,  the  fluorescence  rise 
became  more  sigmoidal  than  for  state 
II  and  the  rise  was  faster  (indicated  by 
the  arrows  showing  the  half-rise  time). 
Such  changes  would  be  expected  in  state 

I  if  the  pigments  around  photosystem 

II  are  changed  so  that  an  increased 
amount  of  light  energy  remains  in  pho- 
tosystem II,  producing  an  increase  in 
its  quantum  yield. 

We  also  measured  the  rates  under 
light-limiting  conditions  for  the  photo- 


DEPARTMENT     OF     PLANT     BIOLOGY 


57 


oxidation  of  cytochrome  c  in  cells  illu- 
minated with  system  I  light,  as  de- 
scribed above.  For  these  measurements, 
DCMU  was  added  to  prevent  reduction 
of  cytochrome  c  by  photosystem  II,  and 
DBMIB  (2,5  -  dibromo  -  3  -  methyl  -  6 
-isopropyl-p-benzoquinone)  was  added 
to  prevent  rapid  reduction  via  cyclic 
electron  flow.  Cells  in  state  I  exhibited 
a  decreased  rate  of  cytochrome  c  oxi- 
dation of  about  0.76  times  compared  to 
cells  in  state  II.  This  result,  together 
with  the  one  described  above,  show  that 
both  photosystem  I  and  II  activities  are 
changed  by  a  transition  from  state  II  to 
state  I.  However,  we  saw  no  such 
changes  of  activity  when  we  compared 
dark-adapted  cells  with  cells  given  sys- 
tem II  illumination  for  long  periods, 
since  both  were  in  state  II  under  this 
treatment. 

We  adapted  a  mutant  of  Scenedesmus 
(Bishop  and  Oquist,  1980),  obtained 
through  the  courtesy  of  Dr.  Gunnar 
Oquist,  to  system  I  light,  as  was  done 
for  the  wild  type.  This  mutant  lacks 
chlorophyll  b  and  the  light-harvesting 
chlorophyll  alb  proteins  (Bishop  and 
Oquist,  1980).  As  a  result,  these  cells 
have  a  lower  system  II  fluorescence  than 
do  the  wild-type  cells  (Fig.  27).  Al- 
though the  extent  was  smaller  com- 
pared to  the  wild  type,  the  mutant 
showed  similar  changes  in  the  fluores- 
cence spectra  at  77  K  after  illumination 
with  system  I  light.  The  ratio  of  the 
system  II  700-nm  fluorescence  band  to 
the  system  I  fluorescence  band  was  in- 
creased and  the  system  I  peak  wave- 
length shifted  from  720  to  718  nm. 

We  also  measured  the  fluorescence- 
rise  curve  in  the  presence  of  DCMU  and 
found  changes  similar  to  those  de- 
scribed above  for  the  wild-type  cells. 

The  results  of  our  studies  of  the  state 
transitions  indicate  (l)that  the  dark 
state  is  state  II,  (2)  that  light  absorbed 
by  photosystem  I  causing  the  state  II  to 
I  transition  is  the  light-regulating  step 
in  this  process,  and  (3)  that  state  I  re- 
turns to  state  II  in  the  dark.  Although 
not  shown  here,  we  have  obtained  sim- 
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Fig.  27.  Fluorescence  spectra  at  77  K  made  be- 
fore and  after  illumination  with  far-red  light  of 
a  Scenedesmus  mutant  lacking  chlorophyll  b. 
Where  indicated,  the  cells  were  illuminated  with 
far-red  light  O690  nm)  for  45  min.  Other  con- 
ditions were  the  same  as  in  Table  8. 


ilar  results  using  the  red  alga  Porphyra 
perforata  and  the  green  alga  Chlorella. 
These  characteristics  of  the  state  tran- 
sition seem,  therefore,  to  be  common  to 
all  algae  so  far  examined. 

A  further  conclusion  that  can  be  made 
from  these  experiments  is  that  the  LHCP 
does  not  seem  to  be  involved  in  state 
changes.  Therefore,  the  hypothesis  that 
phosphorylation  of  LHCP  controls  the 
state  transitions  seems  unlikely.  The 
state  change  seems,  rather,  to  be  closely 
associated  with  changes  that  occur  quite 
near  the  reaction  center  of  photosystem 
II.  Some  type  of  movement  of  chloro- 
phyll proteins  seems  involved  in  this 
phenomenon,  and  this  movement  may 
require  the  proper  fluidity  of  the  thy- 
lakoid  membrane  since  the  movement 
is  highly  temperature  dependent  and 
rapidly  disappears  upon  onset  of  soli- 
dification of  the  thylakoid  lipids. 

These  studies  also  demonstrate  that 
none  of  the  early  Kautsky  transients 
have  any  relation  to  state  transitions 
and  cannot  be  used  as  indicators  of  this 
phenomenon.  However,  as  shown  here, 
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under  appropriate  conditions  certain 
fluorescence  changes  can  be  used  as 
specific  indicators  of  changes  of  state  I 
and  state  II. 
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THE   IDENTIFICATION  OF  PHOTODESTRUCTION  OF 

REACTION  CENTERS  OF  PHOTOSYSTEMS  I  AND  II  AS 

THE   EARLY  EVENT  OF  PHOTOINHIBITION 

Kazuhiko  Satoh  and  David  C.  Fork 


Last  year  we  studied  photoinhibition 
in  bean  leaves  and  in  chloroplasts  of  the 
green  alga  Bryopsis  (Year  Book  80,  50- 
57).  We  found  that  a  fluorescence  de- 
cline in  the  light  could  be  used  as  an 
indicator  of  photoinhibition  in  intact 
Bryopsis  chloroplasts  kept  under  an- 
aerobic conditions.  Very  low  intensities 
and  short  exposures  to  light  were  suf- 
ficient to  cause  photoinhibition  under 
anaerobic  conditions. 

Since  a  more  complete  anaerobiosis 
can  be  obtained  in  intact  Bryopsis  chlo- 
roplasts than  in  whole  leaves,  we  con- 
tinued our  studies  of  photoinhibition 
using  this  material.  The  purpose  of  these 
studies  was  to  investigate  the  early 
events  of  photoinhibition. 

Another  advantage  of  using  Bryopsis 
chloroplasts  is  that  it  is  easier  to  add 
reagents  and  to  measure  activities  of 
photosystem  I  and  II  in  chloroplasts  than 
in  intact  leaves.  Last  year  we  saw  that 
only  cells  from  the  upper  surface  of  a 
bean  leaflet  showed  significant  photo- 
inhibition. Shaded  cells  on  the  lower 
surface  of  an  irradiated  leaf  exhibited 
hardly  any  light-induced  damage.  An- 
other advantage,  therefore,  of  using 
Bryopsis  chloroplasts  is  that  it  is  pos- 
sible to  illuminate  a  preparation  in  a 
uniform  manner. 

Using  Bryopsis  chloroplasts  we  found 
that  photosystems  I  and  II  were  both 
inhibited  by  light  and  that  the  reaction 
centers  that  were  destroyed  acted  as 


quenchers  of  chlorophyll  fluorescence. 

The  siphonaceous  green  alga  Bryop- 
sis corticulans  was  collected  at  Monte- 
rey Bay  and  used  for  preparation  of 
intact  chloroplasts,  as  described  by  Ka- 
toh et  al.  (1975).  Anaerobic  conditions 
were  obtained  by  adding  dithionite  to 
the  reaction  mixture.  After  the  inhi- 
bition treatment,  the  chloroplasts  were 
washed  two  times  by  centrifugation  to 
remove  the  dithionite.  All  measure- 
ments were  done  at  room  temperature. 

Figure  28  shows  that  the  yield  of 
chlorophyll  fluorescence  over  a  period 
of  about  5  min  in  intact  Bryopsis  chlo- 
roplasts declined  during  illumination 
even  below  the  initial,  F0,  level  indi- 
cating that  not  only  variable  fluores- 
cence, Fv,  but  also  F0  was  diminished 
by  illumination  of  chloroplasts  under 
anaerobic  conditions. 

The  kinetics  of  the  fluorescence  rise 
in  photoinhibited  and  control  chloro- 
plasts treated  with  DCMU  are  com- 
pared in  Fig.  29.  It  can  be  seen  that 
chloroplasts  photoinhibited  for  1  min 
showed  only  a  decrease  of  Fv.  Chloro- 
plasts that  had  been  photoinhibited  for 
3  min  also  showed  this  preferential  loss 
of  Fy.  Apparently,  the  loss  of  F0  seen  in 
Fig.  28  is  reversible  and  is  recovered 
quickly  after  the  chloroplasts  are  trans- 
ferred from  anaerobic  to  aerobic  con- 
ditions (as  was  done  for  the  measure- 
ments shown  in  Fig.  29). 

Since  the  rise  time  of  F„  is  the  same 
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Fig.  28.  A  time  course  of  fluorescence  quenching  in  intact  Bryopsis  chloroplasts  under  anaerobic 
conditions.  The  reaction  mixture  contained  1.0  M  sorbitol,  11  mM  MgCl2,  1  mM  MnCl2,  2  mM  EDTA, 
2  mM  NaN03,  50  mM  HEPES  (pH  7.5),  5  mM  dithionite,  and  intact  Bryopsis  chloroplasts  equivalent 
to  18.6  |xg  chlorophyll/ml.  The  fluence  rate  of  the  exciting  light  was  7.7  x  103  |xW/cm2;  dotted  line 
shows  the  F„  level. 


a   control 


Fig.  29.  Time  courses  of  chlorophyll  fluores- 
cence in  the  presence  of  DCMU  before  and  after 
the  preillumination  of  the  chloroplasts.  Time 
courses  were  measured  after  washing  the  chlo- 
roplasts twice  by  centrifugation  (see  text)  and 
transferring  to  aerobic  conditions.  Where  indi- 
cated, the  chloroplasts  were  preilluminated  for 
one  min  under  anaerobic  conditions  (in  the  pres- 
ence of  5  mM  dithionite).  Intensities  of  the  preil- 
lumination and  the  excitation  light  were  7.7  x 
103  and  2.2  x  102  ^W/cm2,  respectively.  Other 
conditions  were  the  same  as  in  Fig.  28. 


in  both  the  control  and  the  photoinhi- 
bited  chloroplasts,  it  appears  that  pho- 
toinhibition  did  not  affect  the  number 
of  antenna  chlorophyll  per  reaction  cen- 
ter but  rather  reduced  the  total  number 
of  functional  reaction  centers  in  pho- 
tosystem  II. 

We  used  the  electrochromic  shift  of 
the  carotenoids  siphonaxanthin  and  si- 
phonein  as  an  indicator  of  photosystem 
II  activity.  Both  photosystems  produce 
a  rapid  transmembrane  charge  sepa- 
ration that  is  seen  as  an  absorbance 
change  around  560  nm  (Nakayama  et 
al.,  1974;  Satoh  and  Katoh,  1977).  The 
photosystem  II  component  of  the  560- 
nm  change  can  be  completely  inhibited 
by  the  DCMU  and  hydroxylamine 
(NH2OH).  Therefore,  the  difference  of 
the  extent  of  the  560-nm  change  in  the 
presence  and  absence  of  DCMU  and 
NH2OH  gives  a  measure  of  the  charge 
separation  produced  by  the  activity  of 
the  reaction  centers  of  photosystem  II 
only.  Photosystem  II  activity,  mea- 
sured as  the  Hill  reaction  with  DCIP 
(2,6-dichlorophenol  indophenol),  was 
found  to  decrease  in  parallel  with  the 
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destruction  of  the  photosystem  II  re- 
action centers  (measured  with  the  560- 
nm  change). 

The  data  shown  in  Table  9  indicate 
that,  in  addition  to  photosystem  II,  the 
reaction  centers  of  photosystem  I  are 
photodestroyed  during  photoinhibition. 
It  can  be  seen  that  photoinhibition  leads 
to  a  parallel  loss  in  P700  activity  and 
to  a  drop  in  the  rate  of  reduction  of 
methyl  viologen,  a  photosystem  I  re- 
action that  was  measured  in  the  pres- 
ence of  DCIP,  ascorbate,  and  DCMU. 

The  decrease  of  chlorophyll  fluores- 
cence under  anaerobic  conditions  sug- 
gests that  either  quencher  formation  (Kd 
increase),  a  change  in  energy  distri- 
bution to  pigment  system  II,  or  an  in- 
crease in  energy  transfer  from  II  to  I  (kt 
increase)  occurs  during  illumination  of 
anaerobic  chloroplasts.  The  results  given 
in  Fig.  29  show  that  the  rate  of  photo- 
reduction  of  the  remaining  Q  was  not 
significantly  changed  and  suggest  that 
energy  distribution  to  pigment  system 


TABLE  9.  Effects  of  the  Preillumination 

Period  on  the  Rate  of  Photosystem  I  Activity 

and  the  Extent  of  Photooxidation  of  P700* 


Rate  of  methyl 

Preillumination 

P700 

viologen 

time  (s) 

(%) 

photoreduction  (%) 

0 

100 

100 

5 

99.5 

99.5 

20 

93.1 

94.5 

45 

86.6 

87.2 

*Chloroplasts  were  preilluminated  in  the  pres- 
ence of  5  mM  dithionite  for  the  periods  indicated 
and  then  washed  by  two  centrifugations  to  re- 
move the  dithionite.  For  measurements  of  the 
rate  of  methyl  viologen  photoreduction,  2  mM 
methyl  viologen,  0.2  mM  DCIP,  5  mM  ascorbate, 
and  10  |iM  DCMU  were  added.  The  concentration 
of  chlorophyll  was  15  |xg/ml.  For  measurements 
of  P700,  1.0  M  sorbitol  was  omitted  from  the  re- 
action mixture,  and  2  mM  ascorbate  and  10  |xM 
DCMU  were  added.  The  chlorophyll  concentra- 
tion was  45  (xg/ml.  For  other  conditions,  see  text. 

II  and  spillover  of  energy  from  pigment 
system  II  to  I  was  not  greatly  changed. 
If  we  assume  that  the  reaction  cen- 
ters of  photosystem  II  inactivated  by 
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Fig.  30.  Effects  of  inhibitors  of  electron  flow,  of  an  electron  donor  to  photosystem  I,  and  of  an 
uncoupler  of  photophosphorylation  on  the  time  course  of  chlorophyll  fluorescence  under  anaerobic 
conditions.  Where  indicated,  10  |xM  DCMU,  10  |xM  DBMIB,  0.2  mM  DCIP  with  5  mM  ascorbate,  100 
yM  PMA,  or  1  |xM  CCCP  were  added.  The  intensity  of  the  actinic  light  was  2.0  x  104  |xW/cm2.  The 
concentration  of  chlorophyll  was  2.7  jj-g/ml.  Other  conditions  were  the  same  as  in  Fig.  28. 
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photoinhibition  become  quenchers  of 
chlorophyll  fluorescence,  then  we  can 
explain  the  parallel  decrease  of  photo- 
system  II  activity  and  fluorescence  in- 
tensity without  an  effect  on  the  quantum 
yield  of  the  remaining  intact  reaction 
centers. 

The  effects  of  inhibitors  of  electron 
transfer  and  of  an  uncoupler  of  photo- 
phosphorylation  on  photoinhibition  un- 
der anaerobic  conditions  are  shown  in 
Fig.  30.  Inhibitors  of  electron  flow  be- 
tween photosystem  I  and  II  (DCMU  and 
DBMIB)  prevent  the  photoinhibition  as 
evidenced  by  inhibition  of  the  fluores- 
cence quenching  in  the  light  (Figs.  30b 
and  30c).  Photoinhibition  could  be  re- 
stored partly  by  adding  reduced  dich- 
lorophenolindophenol  (DCIPH2),  which 
acts  as  a  donor  to  photosystem  I  (Fig. 
30d).  Phenylmercuric  acetate  (PMA), 
which  inhibits  electron  flow  on  the  re- 
ducing side  of  photosystem  I  (at  ferre- 
doxin  and  ferredoxin-NADP  +  reductase, 
see  Honeycutt  and  Krogman,  1972),  ac- 
celerated the  photoinhibition  some- 
what (Fig.  30e).  CCCP  (carbonylcyanide 
m-chlorophenylhydrazone),   which  ac- 


celerates electron  flow,  produced  a  slight 
increase  in  the  rate  of  fluorescence 
quenching  (Fig.  30f). 

The  data  of  Fig.  30  show  clearly  that 
electron  transport  activity  through 
photosystem  I  is  responsible  for  the  de- 
struction of  reaction  centers  occurring 
during  photoinhibition.  This  conclusion 
was  strengthened  by  the  measure- 
ments using  either  system  I  or  system 
II  light  (data  not  shown).  Since  photo- 
system I  and  II  are  found  in  separate 
locations  in  the  thylakoid  membrane, 
it  would  seem  that  some  substance  able 
to  migrate  within  the  membrane  or  per- 
haps some  particular  state  of  the  mem- 
brane produced  by  photosystem  I,  gives 
rise  to  destruction  of  the  reaction  cen- 
ters of  photosystem  II. 
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FLUORESCENCE  TRANSIENTS  IN  Bryopsis 

CHLOROPLASTS  AS  INDICATORS  OF  THE   REDOX  STATE 

OF  PLASTOQUINONE 

Kazuhiko  Satoh  and  David  C.  Fork 


Much  confusion  exists  as  to  the  origin 
of  the  various  maxima  and  minima  seen 
at  physiological  temperatures  in  the 
time  course  of  chlorophyll  fluorescence 
upon  illumination  of  dark-adapted  green 
plants.  An  example  of  such  a  time  course, 
along  with  the  commonly  used  letter  to 
denote  various  maxima  and  minima,  is 
given  in  Fig.  31B  for  intact  Bryopsis 
chloroplasts.  A  number  of  suggestions 
have  been  made  to  explain  certain  parts 
of  these  transients  including,  among 
others,  Mg2  +  -ion  efflux  from  the  inside 
to  the  outside  of  the  thylakoid  mem- 
branes, state  I-state  II  transitions,  and 


phosphorylation  of  the  light-harvesting 
chlorophyll  alb  protein  (LHCP).  In  this 
study,  we  investigated  the  effects  of 
preillumination  of  intact  Bryopsis  chlo- 
roplasts at  room  temperatures  on  the 
extent  and  the  emission  spectrum  of 
chlorophyll  fluorescence  measured  at 
liquid  nitrogen  temperature.  The  re- 
sults indicate  that  the  main  causes  of 
the  fluorescence  induction,  the 
DPSxM^  transient,  are  redox  changes 
of  Q  and  plastoquinone  in  this  alga. 

The  marine  green  alga  Bryopsis  cor- 
ticulans  was  collected  at  Monterey  Bay. 
Intact  chloroplasts  were  prepared  and 
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Fig.  31.  Effects  of  preillumination  periods  on 
the  yield  of  chlorophyll  fluorescence  at  77  K  in 
intact  Bryopsis  chloroplasts.  The  chloroplasts  were 
preilluminated  at  room  temperature  and  the  in- 
tensities of  fluorescence  at  685  nm  at  77  K  were 
measured  (A).  The  light  intensity  of  the  preil- 
luminating  and  the  exciting  light  was  2.2  x  103 
(xW/cm2.  The  reaction  mixture  contained  in  0.25 
ml,  1.0  M  sorbitol,  11  mM  MgCl2,  1  mM  MnCl2, 
2  mM  EDTA,  2  mM  NaN03,  50  mM  HEPES  (pH 
7.5)  and  intact  Bryopsis  chloroplasts  equivalent 
to  32  |xg  chlorophyll/ml.  (B)  Time  course  of  chlo- 
rophyll fluorescence  at  room  temperature.  The 
abscissa  for  this  trace  is  illumination  time,  s. 


used  with  the  reaction  mixture  de- 
scribed in  the  preceding  article.  Chlo- 
roplasts were  dark-adapted  for  2  h  or 
more  before  use,  and  then  preillumi- 
nated at  room  temperature  with  a  broad 
blue  band  of  light.  Chlorophyll  fluores- 
cence at  685  nm  was  measured  at  77  K 
in  the  apparatus  described  in  Year  Book 
78  (196-199).  Fortunately,  with  this 
system  and  with  chloroplasts  under  the 
same  conditions,  we  could  always  ob- 


tain the  same  intensity  of  chlorophyll 
fluorescence  and,  therefore,  could  mea- 
sure the  relative  extents  of  system  I  and 
II  fluorescence  as  well  as  compare  flu- 
orescence intensities  at  77  K  in  differ- 
ent samples  directly. 

Chloroplasts  were  illuminated  at  room 
temperature  for  the  periods  indicated 
in  Fig.  31A  and  then  rapidly  cooled  in 
the  dark  to  77  K  by  plunging  the  cu- 
vette directly  into  liquid  nitrogen.  Af- 
ter the  chloroplasts  had  cooled  to  77  K, 
the  actinic  light  was  turned  on  to  excite 
fluorescence  and  was  left  on  for  more 
than  1  min  in  order  for  all  of  Q  to  be 
totally  reduced  and  for  P680  to  be  re- 
duced again  after  its  initial  oxidation. 

It  can  be  seen  in  Fig.  31 A  that  the 
intensity  of  chlorophyll  fluorescence 
varied  depending  on  how  long  the  chlo- 
roplasts had  been  illuminated  before 
cooling  to  77  K.  In  fact,  a  good  corre- 
spondence can  be  seen  between  the  time 
of  appearance  at  room  temperature  of 
the  maxima  and  minima  in  the  time 
course  of  fluorescence  (Fig.  31B)  and 
the  maxima  and  minima  appearing  af- 
ter corresponding  preillumination  times 
(Fig.  31  A).  This  result  suggests  that  the 
same  reactions  that  induced  chloro- 
phyll fluorescence  transients  at  room 
temperature  also  changed  the  fluores- 
cence yield  at  77  K. 

We  considered  several  factors  that 
could  give  rise  to  changes  in  yield  of 
chlorophyll  fluorescence,  among  them 
ion  concentration  changes,  state  I-state 
II  transitions,  and  phosphorylation  of 
the  LHCP,  mentioned  above,  as  well  as 
pH  changes  around  the  thylakoid  mem- 
branes, redox  states  of  Q  and  P680,  S- 
state  changes  of  the  oxygen-evolving 
enzyme,  and  the  redox  state  of  plasto- 
quinone. 

We  ruled  out  redox  states  of  Q  and 
P680,  since  these  were  totally  reduced 
in  these  low-temperature  measure- 
ments. The  fluorescence  changes  were 
probably  not  produced  by  S-state 
changes,  since  under  continuous  illu- 
mination the  S-states  should  be  equally 
distributed  between  S0  and  S3 
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As  is  shown  in  Fig.  32,  DCMU  com- 
pletely inhibits  all  the  maxima  and 
minima  induced  by  preillumination 
shown  in  Fig.  31  A.  By  contrast,  the  in- 
hibitor DBMIB  (2,5-dibromo-3-methyl- 
6-isopropyl-p-benzoquinone)  abolishes 
all  but  the  rise  to  the  first  fluorescence 
maximum.  DBMIB  inhibits  the  for- 
mation of  light-induced  high-energy 
states  that  lead  to  Mg2+  efflux  and, 
eventually,  to  ATP  formation.  From  this 
result  it  is  clear  that  these  reactions  are 
not  related  to  the  first  maximum,  P. 
The  different  effect  of  DCMU  and 
DBMIB  might  be  related  to  the  differ- 
ent inhibitory  sites  of  these  two  sub- 
stances. In  the  presence  of  DCMU, 
plastoquinone  remains  oxidized  in  the 
light,  while  in  DBMIB,  plastoquinone 
was  reduced  in  the  light.  Therefore,  this 
result  suggests  that  plastoquinone 
changes  are  responsible  for  the  varia- 
tions of  fluorescence  intensity  shown  in 
Fig.  31.  Since  in  the  presence  of  DBMIB, 
plastoquinone  remains  reduced  in  the 
light,  it  appears  that  this  reaction  is 
responsible  for  the  P  maximum. 

To  test  this  hypothesis,  we  changed 
the  redox  state  of  plastoquinone  by  add- 
ing ascorbate  (Fig.  33).  However,  in  or- 
der for  this  substance  to  penetrate  the 
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Fig.  32.  Effects  of  preillumination  periods  on 
the  yield  of  chlorophyll  fluorescence  at  77  K  in 
the  presence  of  DCMU  or  DBMIB.  The  chloro- 
plasts  were  preilluminated  at  room  temperature 
in  the  presence  of  10  (xM  DCMU  or  10  uJVI  reduced 
DBMIB.  Chlorophyll  concentration  was  4.3  |xg/ 
ml.  Other  conditions  were  the  same  as  in  Fig.31. 
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Fig.  33.  Effects  of  ascorbate  and  preillumina- 
tion periods  on  the  yield  of  chlorophyll  fluores- 
cence at  77  K  in  the  presence  of  DCMU  or  DBMIB 
in  a  low  concentration  of  sorbitol.  Concentrations 
of  sorbitol,  ascorbate,  and  chlorophyll  were  0.5 
M,  5  mM,  and  7.0  u-g/ml,  respectively.  Other  con- 
ditions were  the  same  as  in  Fig.  32.  The  solid 
circle  shows  the  fluorescence  intensity  in  the  ab- 
sence of  ascorbate  and  without  preillumination. 


intact  chloroplasts,  it  was  necessary  to 
resuspend  them  in  0.5  M  sorbitol  in- 
stead of  1.0  M  sorbitol.  Such  a  sorbitol 
concentration  decrease  has  been  shown 
to  make  the  chloroplasts  leaky  to  small 
molecules  but  not  to  change  the  behav- 
ior of  fluorescence  transients  (Satoh, 
1981).  Ascorbate  addition  increases  the 
relative  fluorescence  intensity  from  102 
to  121,  a  reflection  of  the  reduction  of 
plastoquinone.  Under  these  conditions, 
DCMU  and  DBMIB  produced  effects  that 
were  just  opposite  to  those  seen  in  Fig. 
32.  Preillumination  in  the  presence  of 
DBMIB  had  no  effect  on  fluorescence 
intensity  in  chloroplasts  where  plasto- 
quinone had  already  been  reduced  by 
ascorbate,  but  preillumination  of  these 
chloroplasts  in  DCMU  led  to  a  fluores- 
cence decrease.  These  results  can  easily 
be  explained  on  the  basis  of  redox 
changes  of  plastoquinone.  Reduced 
plastoquinone  in  the  presence  of  DBMIB 
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stays  in  the  reduced  state,  since  DBMIB 
prevents  photoxidation  by  photosystem 
I.  In  the  presence  of  DCMU,  photosys- 
tem I  can  oxidize  the  plastoquinone  re- 
duced by  ascorbate,  since  DCMU  blocks 
only  its  photoreduction  by  photosystem 
II. 

It  has  been  proposed  (Bennett,  1979) 
that  the  reduction  of  plastoquinone  con- 
trols phosphorylation  of  the  light-har- 
vesting chlorophyll  alb  protein  (LHCP) 
and  that  this  phosphorylation  leads  to 
a  state  I  to  state  II  transition.  Since 
state  II  is  the  low-fluorescent  state,  it 
would  be  expected  that  chlorophyll  flu- 
orescence would  decrease  upon  reduc- 
tion of  plastoquinone — opposite  to  what 
was  seen  here.  Therefore,  it  seems  likely 
that  phosphorylation  of  LHCP  may  not 
occur  within  the  time  range  used  in  these 
experiments. 

We  also  preilluminated  chloroplasts 
in  the  presence  of  methyl  viologen, 
DCIPH2,  and  DCMU,  and  saw  no 
changes  in  fluorescence  yield.  Since 
methyl  viologen  and  DCIPH2  in  the 
presence  of  DCMU  activate  only  pho- 
tosystem I  electron  transfer  and  induce 
proton  translocation  across  the  thyla- 
koid  membrane,  it  is  clear  that  the 
change  in  the  first  and  second  peaks  of 
the  fluorescence  yield  at  77  K  are  not 
directly  related  to  the  high-energy  states 
or  to  ATP  formation.  It  seems  most 
probable  that  all  the  fluorescence-yield 
changes,  such  as  the  DPS1M1S2  tran- 
sients seen  at  room  temperature,  result 
from  changes  in  the  redox  state  of  Q 
and  those  of  plastoquinone. 

In  order  to  see  whether  the  intensity 
changes  of  chlorophyll  fluorescence  had 
any  specificity  to  system  I  or  II  fluo- 
rescence, we  measured  fluorescence 
emission  spectra  at  77  K  before  and  af- 
ter 0.5  s  of  illumination  at  room  tem- 
perature (a  time  sufficient  to  reach  the 
P  maximum  of  Fig.  31).  Three  typical 
fluorescence  peaks  were  observed,  at 
687,  697  (system  II),  and  720  nm  (sys- 
tem I)(Fig.  34).  Preillumination  of  the 
chloroplasts  (for  0.5  s  to  reach  the  P 
peak)  produced  about  the  same  fluores- 
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Fig.  34.  Fluorescence  emission  spectra  of  in- 
tact Bryopsis  chloroplasts  at  77  K  before  and  af- 
ter preillumination  at  room  temperature.  The 
preillumination  period  was  0.5  s.  Other  condi- 
tions were  the  same  as  in  Fig.  31. 

cence  increase  at  687  and  720  nm,  25.6% 
and  26.3%,  respectively.  This  result 
suggests  that  the  intensity  variations 
of  chlorophyll  fluorescence  induced  by 
redox  changes  of  plastoquinone  have 
little  specificity  to  system  I  or  II  fluo- 
rescence. 

We  also  measured  fluorescence  emis- 
sion spectra  in  the  presence  and  ab- 
sence of  100  mM  KC1.  In  this  case  we 
found  that  only  system  II  fluorescence 
at  685  nm  was  decreased  upon  KC1  ad- 
dition and  that  system  I  fluorescence 
was  not  affected.  Also,  a  pH  change  from 
7.5  to  4.7  induced  only  a  decrease  of 
system  II  fluorescence.  These  results 
show  that  the  fluorescence  peaks,  such 
as  P  and  M1;  are  not  directly  induced 
by  ion  concentration  changes  or  by  pH 
changes  in  Bryopsis  chloroplasts. 

All  of  these  results  would  suggest  that 
the  variations  of  fluorescence  intensity 
within  the  time  range  studied  here  re- 
flect Q  and  plastoquinone  changes  and 
cannot  be  used  as  in  vivo  indicators  of 
such  phenomena  as  ion  or  pH  concen- 
tration changes  or  state  I-state  II  tran- 
sitions in  the  thylakoid  membranes  of 
this  alga. 

References 

Bennett,  J.,  Eur.  J.  Biochem.,  99,  133-137,  1979. 
Satoh,  K.,  Biochim.  Biophys.  Acta,  638,  327-333, 
1981. 


DEPARTMENT     OF     PLANT     BIOLOGY 


65 


THE  MECHANISM  IN  RED  ALGAE  OF  TOLERANCE   OF 
PHOTOSYNTHESIS  TO  HIGH  SALT  AND  AIR  DRYING 

Celia  M.  Smith,  David  C.  Fork,  and  Kazuhiko  Satoh 


The  red  alga  Porphyra  perforata  is 
adapted  to  live  in  the  intertidal  zone, 
where  it  is  often  exposed  to  extreme  de- 
siccation in  combination  with  high  light 
intensities.  Studies  of  desiccated  P.  per- 
forata have  shown  that  light  absorbed 
by  the  phycobilins  associated  with  pho- 
tosystem  II  is  transferred  to  photosys- 
tem  I,  where  it  is  probably  degraded  to 
heat,  thus  avoiding  photodynamic  dam- 
age to  photosystem  II  {Year  Book  79, 
193-197;  Year  Book  80,  39-43). 

Recently,  studies  have  been  done  at 
21°C  (Smith,  1982)  on  the  tolerance  of 
P.  perforata  to  hyperosmotic  shock,  us- 
ing up  to  250%o  NaCl  added  to  seawater 
(seawater  =  34%o),  pH  8.0,  at  a  light 
intensity  of  15  |xmol  quanta  m2  s_1. 
The  tolerance  to  this  osmotic  shock  ap- 
pears to  be  the  critical  physiological 
feature  defining  intertidal  zonation  of 
P.  perforata,  which  has  a  wide  interti- 
dal distribution  in  central  California 
(from  0.0  to  5.7  feet,  tidal  elevation). 

By  contrast,  another  species  of  Por- 
phyra, P.  nereocystis,  is  strictly  sub- 
tidal,  is  almost  never  air  dried,  and  will 
only  recover  fully  from  mild  osmotic 
shock  (up  to  70%o  NaCl,  pH  8.0,  and  a 
light  intensity  of  15  |xmol  quanta  m"2 
s"1).  Since  these  two  species  of  Por- 
phyra are  so  different  in  their  sensitiv- 
ities to  desiccation,  we  wanted  to 
compare  the  effects  of  dehydration  (in- 
duced either  osmotically  or  by  air  drying) 
on  energy  transfer  within  their  pig- 
ment systems.  Also,  we  wanted  to  com- 
pare their  recoveries  from  desiccation 
and  to  identify  the  site(s)  of  damage 
where  irreversible  changes  had  oc- 
curred. 

Both  the  species  used  in  these  studies 
were  collected  at  the  Hopkins  Marine 
Station,  Pacific  Grove,  California,  in  an 
intertidal  field  that  had  been  surveyed. 
P.  perforata  was  taken  from  a  +  2.0-foot 


tidal  elevation  and  P.  nereocystis  was 
taken  subtidally,  where  it  was  growing 
as  an  epiphyte  on  the  brown  alga  Ner- 
eocystis lutkeana.  The  thalli  were  main- 
tained in  the  laboratory  at  12°C  in  open 
dishes  of  seawater.  Osmotic  treatments 
of  the  plants  were  done  by  placing  discs 
of  the  thalli  in  350%o  NaCl  in  seawater 
at  pH  8.0  at  21°C  in  the  dark. 

Fluorescence  emission  measure- 
ments were  done  with  the  microproces- 
sor system  described  previously  ( Year 
Book  78,  196-199)  and  corrected  using 
a  standard  lamp.  A  small  disc  of  the 
thallus  was  held  against  the  8-mm 
quartz  light  guide  that  could  be  dipped 
into  liquid  nitrogen  to  obtain  fluores- 
cence emission  spectra  at  77  K.  Green 
actinic  light,  absorbed  predominately 
by  the  phycobilin  pigments,  was  used 
to  excite  fluorescence. 

Fluorescence  emission  spectra  are 
shown  in  Fig.  35  for  P.  perforata  before 
(A)  and  after  (B)  treatment  with  a  salt 
concentration  ten  times  more  concen- 
trated than  seawater.  We  can  assign 
the  shoulders  and  maxima  seen  in  Fig. 
35  as  follows:  647  nm,  phycocyanin;  660 
nm,  allophycocyanin  II/III;  685  nm,  al- 
lophycocyanin  Bl  (Gantt,  1981)  and 
chlorophyll  a  of  photosystem  II;  695  nm, 
photosystem  II;  and  730  nm,  chloro- 
phyll a  associated  with  photosystem  I. 
The  spectrum  of  Fig.  35B  shows  that 
the  fluorescence  of  the  phycobilins  was 
decreased  somewhat  (including  the  685- 
nm  band),  suggesting  that  high  salt 
treatment  gave  rise  to  a  more  efficient 
coupling  of  energy  transfer  between  the 
phycobilin  pigments  and  between  phy- 
cobilins and  chlorophyll  a.  Fluores- 
cence of  the  chlorophyll  bands  (685  and 
730  nm)  was  little  affected  by  the  salt 
treatment,  indicating  that  the  connec- 
tion of  the  phycobilisomes  to  the  thy- 
lakoid  membrane  remained  largely 
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Fig.  35.  Fluorescence  emission  spectra  at  77  K 
in  Porphyra  perforata  before  (solid  line,  A)  and 
after  (dashed  line,  B)  high  salt  treatment.  The 
high  salt  treatment  was  done  by  dipping  discs  of 
the  thalli  in  350%c  NaCl  in  seawater  at  21°C  in 
the  dark  for  13  min.  The  green  exciting  light  for 
the  measurements  of  fluorescence  spectra  at  77  K 
was  obtained  by  passing  white  light  from  a  150W 
projector  lamp  (type  DLS)  through  Corning  glass 
filters  4-96  and  3-69. 


intact  and  that  the  efficient  energy- 
transfer  to  chlorophyll  of  the  green  light 
absorbed  by  the  phycobilins  was  unaf- 
fected. 

After  the  high-salt-treated  P.  perfor- 
ata was  returned  to  seawater  for  15  min. 
there  was  no  further  significant  change 
in  the  fluorescence  emission  spectrum 
(Fig.  36).  The  very  minor  fluorescence 
alterations  suggest  that  P.  perforata  is 
tolerant  to  this  high  osmotic  shock. 

The  same  osmotic  shock  that  was 
given  to  P.  perforata  caused  increased 
phycobilin  fluorescence  in  P.  nereocys- 
tis  (Fig.  37).  High  salt  treatment  (Fig. 
37B)  had  increased  the  phycobilin  flu- 
orescence, showing  that  the  phycobilins 
had  already  been  modified  such  that 
energy  transfer  was  less  efficient.  This 
damage  was  not  so  apparent  as  long  as 
the  P.  nereocystis  was  maintained  in  the 
high  salt  solution,  suggesting  that  the 
presence  of  the  salt  helped  maintain  the 


system  intact.  After  the  salt-treated  al- 
gae were  returned  to  seawater,  very 
large  changes  in  the  fluorescence  emis- 
sion spectrum  were  seen  (Fig.  37C).  The 
most  striking  feature  of  this  emission 
spectrum  is  the  appearance  of  a  large 
allophycocyanin  band  at  682  nm.  Thus 
in  P.  nereocystis,  high  salt  treatment 
appears  to  produce  a  major  disruption 
of  energy  transfer  between  allophyco- 
cyanin and  chlorophyll.  The  increase  of 
the  other  phycobilin  fluorescence  bands 
also  indicates  that  energy  transfer  be- 
tween phycobilins  in  the  phycobilisome 
has  been  reduced. 

These  results  suggest  that  the  nature 
of  the  phycobilisome  in  salt-tolerant  and 
salt-intolerant  species  of  Porphyra  is 
different.  Usually,  high  salt  concentra- 
tions give  rise  to  a  degradation  of  the 
structure  of  ordinary  proteins.  In  P. 
nereocystis,  high  salt  may  lead  to  this 
type  of  denaturation  of  the  proteins  of 
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Fig.  36.  Fluorescence  emission  spectra  at  77  K 
in  Porphyra  perforata  before  (solid  line,  A)  and 
after  a  transient  high  salt  treatment.  The  osmotic 
shock  was  done  by  incubating  the  thalli  discs  with 
high  salt  (350%f  NaCl  in  seawater)  for  13  min 
and  then  returning  them  to  seawater.  After  15 
min  incubation  in  the  seawater,  the  discs  were 
cooled  to  77  K  (dashed  line,  B).  Other  conditions 
were  the  same  as  in  Fig.  35. 
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Fig.  37.  Fluorescence  emission  spectra  at  77  K 
in  Porphyra  nereocystis  before  (solid  line,  A)  and 
after  an  osmotic  shock.  Discs  of  the  thalli  were 
placed  in  350%c  NaCl  in  seawater  in  the  dark  for 
13  min  and  then  cooled  to  77  K  (dashed  line,  B) 
or  returned  to  seawater  and  incubated  for  15  min 
and  then  cooled  (dot-dash  line,  C).  Other  condi- 
tions were  the  same  as  in  Fig.  35. 


II  bands  at  685  and  695  nm  {Year Book 
79, 193-197).  After  rewetting,  the  sam- 
ples had  the  same  fluorescence  emis- 
sion spectra  as  shown  in  Fig.  36A, 
indicating  that  drying  did  not  produce 
damage  to  the  photochemical  appara- 
tus of  P.  perforata  (data  not  shown). 

These  results  demonstrate  that  the 
sensitivities  of  the  two  species  of  Por- 
phyra to  desiccation  induced  either  by 
osmotic  treatment  or  by  air  drying  de- 
pended upon  the  habitat  from  which  they 
were  obtained.  The  photochemical  sys- 
tem of  P.  nereocystis,  which  is  almost 
never  exposed  by  tidal  fluctuations,  was 
damaged  irreversibly  either  by  osmotic 
treatment  or  by  air  drying.  By  contrast, 
P.  perforata,  adapted  to  survive  re- 
peated drying  often  in  combination  with 
high  light  intensities,  was  able  to  tol- 
erate the  same  osmotic  and  drying 
treatments  given  to  P.  nereocystis. 

P.  perforata  has  a  high  degree  of  tol- 
erance to  air  drying  and  osmotic  shock. 


the  phycobilisome.  High  salt  in  the  tol- 
erant P.  perforata,  by  contrast,  seems 
to  lead  to  a  somewhat  more  intact  (or 
compact)  structure  because  fluores- 
cence of  phycobilins  is  somewhat  de- 
creased by  salt  treatment. 

Since  P.  nereocystis,  like  P.  perforata, 
is  only  one  cell  layer  thick,  it  is  easily 
air  dried.  This  treatment  seems  to  be 
more  drastic  for  P.  nereocystis  than  high 
salt  treatment,  since  phycocyanin  flu- 
orescence at  662  nm  was  increased  and 
fluorescence  at  695  nm  (photosystem  II) 
was  decreased  (Fig.  38A,  B).  The  air 
drying-induced  damage  to  P.  nereocys- 
tis was  manifested  when  the  sample  was 
rewetted  (Fig.  38C).  Also,  in  this  case 
a  large  increase  of  the  allophycocyanin 
band  at  682  nm  and  increases  of  the 
other  phycobilin  bands  were  seen.  These 
results  indicate  that  air  drying  pro- 
duces the  same  type  of  damage  as  does 
osmotic  shock. 

In  the  resistant  species  P.  perforata, 
we  saw  that  air  drying  produced  a  flu- 
orescence decrease  of  the  photosystem 
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Fig.  38.  Fluorescence  emission  spectra  at  77  K 
in  Porphyra  nereocystis  before  (solid  line,  A)  and 
after  air-drying.  The  air-drying  was  done  by  pass- 
ing cool,  dry  air  over  the  thalli  in  the  dark  for  1 
h  (dashed  line,  B).  Parts  of  the  air-dried  thalli 
were  returned  to  seawater,  incubated  for  15  min, 
and  then  cooled  to  77  K  (dot-dash  line,  C).  Other 
conditions  were  the  same  as  in  Fig.  35. 
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Tolerant  species  seem  to  maintain  high 
efficiency  of  energy  transfer  between 
photosynthetic  pigments  even  after  they 
have  experienced  desiccation.  One 
mechanism  to  achieve  this  tolerance 
would  be  to  increase  the  strength  of  the 
hydrophilic  bonds  within  the  proteins 
of  the  phycobilin  pigments. 

The  two  species  of  Porphyra  are  use- 
ful materials  to  study  how  phycobilin 
pigments  are  organized  within  the  phy- 


cobilisome  and  to  learn  how  they  are 
attached  to  the  thylakoid  membrane. 
The  chemical  and  physical  nature  of  the 
pigments  in  these  two  species  appear  to 
have  interesting  differences. 
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A  COMPARISON  OF  THE   FLUORESCENCE  AND  DELAYED 

LIGHT  EMISSION  IN  Gonyaulax  polyedra  IN  DAY  AND 

NIGHT  PHASES  OF  THE  CIRCADIAN  RHYTHM  IN 

CONSTANT  LIGHT 

Beatrice  M.  Sweeney,  Kazuhiko  Satoh,  and  David  C.  Fork 


A  number  of  photosynthetic  marine 
dinoflagellates  display  typical  circa- 
dian  rhythms,  manifested  by  large  dif- 
ferences in  the  rates  of  physiological 
processes  at  different  times  of  day, 
whether  the  organisms  are  cultured  in 
alternating  light-dark  cycles,  12  h  each 
(LD),  or  in  constant  conditions  of  light 
and  temperature  (LL).  Such  a  rhythm 
is  observed  in  photosynthesis,  both  un- 
der limiting  light  conditions  and  in  sat- 
urating light,  in  Gonyaulax  polyedra, 
Ceratium  furca,  and  Glenodinium  sp. 
(Prezelin  et  al.,  1977),  and  in  Pyrocystis 
fusiformis  (Sweeney,  1981).  In  Gonyau- 
lax, early  transients  of  fluorescence  ("O", 
"I",  "D",  and  "P",  see  Govindjee  and  Pa- 
pageorgiou,  1971)  were  examined  for 
rhythmicity  (Sweeney  et  al.,  1979;  Gov- 
indjee et  al.,  1979).  In  these  experi- 
ments, the  only  circadian  difference 
discovered  was  in  the  intensity  of  flu- 
orescence, which  was  significantly 
higher  in  cells  in  the  day  phase,  either 
in  a  light-dark  cycle  or  in  constant  light 
(Sweeney  et  al.,  1979).  However,  the 
rhythmicity  in  the  rates  of  oxygen  ev- 
olution and  carbon  dioxide  fixation 
clearly  indicate  that  the  photosynthetic 
apparatus  undergoes  circadian  changes. 
In  an  attempt  to  detect  the  nature  of 


these  changes,  we  have  compared  day- 
phase  with  night-phase  cultures  of 
Gonyaulax  polyedra  in  LL  for  fluores- 
cence emission  spectra,  the  time  course 
of  fluorescence  transients  longer  than 
examined  previously,  delayed  light 
emission,  and  absorbance  changes  at  419 
nm  attributed  to  the  photooxidation  of 
cytochrome  c  by  PS  I. 

Cultures  of  Gonyaulax  polyedra  were 
grown  in  f/2  (Guillard  and  Ryther,  1962), 
an  enriched  seawater  medium,  in  con- 
trolled environment  chambers  under  a 
12:12  h  light-dark  cycle  (110  jxmol  m"2 
s"1)  at  29°  C.  Cultures  to  be  compared 
were  subjected  to  light  schedules  which 
differed  by  12  h.  Aliquots  were  removed 
to  LL  at  the  same  irradiance  and  tem- 
perature as  in  LD  at  the  beginning  of 
a  light  period  and  placed  in  constant 
light  two  days  before  use.  Delayed  light 
emission  in  the  millisecond  range  was 
measured  with  a  Becquerel-type  phos- 
phoroscope,  which  had  a  sector  which 
provided  alternating  light-dark  cycles 
of  0.8  ms  and  5.1  ms,  respectively.  Mea- 
surements of  the  fluorescence  emission 
spectra  were  made  as  described  else- 
where (Year  Book  78,  196-199). 

The  fluorescence  emission  spectra  of 
day-phase  and  night-phase  cells  at  19°C 
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were  very  similar,  with  maxima  at  682 
and  732  nm  and  a  shoulder  at  668  nm. 
At  liquid  nitrogen  temperature,  only  two 
maxima  were  observed,  at  688  and  746 
nm,  but  again  no  significant  differences 
between  day-  and  night-phase  cells  were 
found.  The  amount  of  fluorescence 
emitted  was  again  higher  during  the 
day  phase,  confirming  the  earlier  ob- 
servations (Sweeney  et  al.,  1979).  Flu- 
orescence transients  in  the  presence  of 
DCMU  (3-(3,4,-dichlorophenyl)-l,l-di- 
methylurea,  20  |xM)  were  not  consis- 
tently different  in  day-  and  night-phase 
cells.  The  light-induced  absorbance 
change  at  419  nm  was  also  essentially 
the  same  in  day  and  night  phases. 

Figure  39  compares  time  courses  of 
fluorescence  and  delayed  light  emission 
in  day-  and  night-phase  Gonyaulax. 
When  delayed  light  emission  was  mea- 
sured over  several  minutes,  curves  ob- 
tained for  cells  in  the  day  phase  differed 
in  a  consistent  way  from  those  of  the 
night  phase.  Delayed  light  from  day- 
phase  cells  followed  a  time  course  with 
three  distinct  maxima  at  less  than  1  s, 
20  s,  and  67  s  after  the  beginning  of 
irradiation,  while  only  two  maxima,  at 
less  than  1  s  and  20  s,  were  observed 
with  night-phase  cells  (Fig.  39).  The 
long-term  fluorescence  transients  were 
also  different  in  day-phase  as  compared 
to  night-phase  cells,  day-cells  giving  a 
more  pronounced  "P"  and  "Mj"  (Fig.  39). 
The  first  maximum  in  delayed  light 
emission  corresponded  in  time  to  "I"  of 
the  fluorescence  transient.  The  mag- 
nitude of  the  third  peak  present  in  the 
delayed  light  emission  of  day-phase  cells 
was  correlated  with  that  of  "Mj". 

The  large  third  peak  in  the  delayed 
light  emission  and  "Mj"  of  the  fluores- 
cence transient  were  both  inhibited  by 
10  |xM  CCCP  (carbonylcyanide  ra-chlo- 
rophenylhydrazone)  (data  not  shown). 
This  observation  indicates  that  the  cou- 
pling of  the  proton  pump  to  electron  flow 
is  greater  in  day-phase  than  in  night- 
phase  Gonyaulax  in  LL.  This  coupling 
could  lead  to  an  increased  production 
of  ATP  during  the  day  phase  and  could 


Fig.  39.  Delayed  light  emission  (wavelength 
>650  nm)  and  fluorescence  transients  at  685  nm 
in  Gonyaulax  polyedra  during  the  day  and  night 
phases  of  the  circadian  rhythm  in  constant  light. 
Fluorescence  transients  (dashed  line)  and  milli- 
second-delayed light  emission  (solid  line)  were 
measured  simultaneously.  The  actinic  light  was 
provided  by  a  helium-neon  laser  (632.8  nm)  hav- 
ing an  irradiance  of  68  mW  cm  2.  The  cells  for 
all  measurements  originated  from  the  same  cul- 
ture, which  was  subdivided  and  rephased  two  days 
prior  to  use. 


account  for  the  higher  C02  fixation  and 
oxygen  evolution  during  the  day  phase 
of  the  circadian  rhythm,  as  already  doc- 
umented (Prezelin  et  al.,  1977). 
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CHLOROPHYLL  FLUORESCENCE  IN  Gonyaulax  polyedra 
AS  A  FUNCTION  OF  TEMPERATURE 

Beatrice  M.  Sweeney,  Joseph  A.  Berry,  and  David  C.  Fork 


Information  about  the  state  of  the 
thylakoid  membrane  lipids  can  be  ob- 
tained from  the  fluorescence  of  chloro- 
phyll as  a  function  of  temperature.  A 
sudden  change  in  slope  as  the  temper- 
ature is  lowered  occurs  at  the  lipid  phase 
transition  (Year  Book  75,  766-776). 
When  the  temperature  is  increased 
above  ambient,  there  is  an  abrupt  rise 
in  the  fluorescence  which  marks  the 
disruption  of  the  thylakoid  membranes 
(Year  Book  78,  157-162). 

We  have  used  measurements  of  the 
fluorescence  of  chlorophyll  in  whole  cells 
of  Gonyaulax  to  ask  two  questions.  In 
Gonyaulax,  there  is  a  sudden  increase 
in  the  spontaneously  emitted  biolumi- 
nescence  at  about  10°C.  Our  first 
question  was  whether  or  not  this  dis- 
continuity represents  a  membrane  phase 
transition  detectable  as  a  change  in  the 
fluorescence  of  chlorophyll  in  the  thy- 
lakoid membranes  as  temperature  is 
lowered  to  10°  or  below.  A  circadian 
rhythm  in  bioluminescence  in  Gonyau- 
lax has  been  characterized  (Sweeney  and 
Hastings,  1957)  and  the  period  is  known 
to  be  temperature  compensated  (Has- 
tings and  Sweeney,  1959).  It  has  been 
suggested  that  changes  in  the  mem- 
brane lipids  are  responsible  for  the  sta- 
bility of  the  circadian  period  when  the 
temperature  is  changed  (Njus  et  al., 
1974).  It  is  not  known  whether  appro- 
priate changes  in  the  membrane  lipids 
occur  and,  if  so,  whether  they  occur  fast 
enough  to  account  for  the  temperature 
compensation  of  the  period  evident 
within  24  h. 


Our  second  question  was  whether  or 
not  the  fluorescence-rise  temperature 
(break-point  at  high  temperature)  de- 
pends on  the  growth  temperature  in 
Gonyaulax  and,  if  so,  how  long  a  time 
at  the  new  temperature  is  required  for 
changes  to  occur.  Other  studies  have 
correlated  growth-temperature-depen- 
dent changes  in  the  high-temperature 
fluorescence  of  higher  plant  leaves  with 
changes  in  the  fluidity  of  chloroplast 
membrane  lipids  (Raison  et  al.,  1982). 
We  reasoned  that  this  technique  could 
provide  information  on  the  extent  and 
rapidity  of  lipid  changes  in  the  mem- 
branes caused  by  a  change  in  growth 
temperature. 

Gonyaulax  polyedra,  strain  70A,  was 
cultured  in  f/2  medium  (Guillard  and 
Ryther,  1962),  at  19-20°C  and  110  [xE 
m~2  s"1  from  cool  white  fluorescent 
lamps  on  a  12:12  light:dark  cycle.  Be- 
fore use,  cultures  were  transferred  to 
constant  light  at  the  same  quantum  flux 
at  the  beginning  or  the  end  of  a  light 
period.  Cells  were  concentrated  45  times 
by  centrifugation  for  30  s  at  4000g  in  a 
tabletop  centrifuge  and  resuspended  in 
sea  water.  The  fluorescence  of  chloro- 
phyll was  excited  by  broad-band  blue- 
green  light  (Corning  filter  9782,  at  0.1 
ixmol  m~2  s_1)  and  was  measured 
through  680-  or  685-nm  interference 
filters  (Year  Book  74,  766-776;  Year 
Book  78,  157-162). 

Chlorophyll  fluorescence  in  whole  cells 
of  Gonyaulax  showed  no  discontinuities 
in  the  temperature  range  0-20°C.  A 
sharp  increase  in  the  spontaneously 
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TABLE  10.  The  Fluorescence-Rise  Temperature  of  Chlorophyll  in  Whole 
Cells  of  the  Dinoflagellate  Gonyaulax  polyedra* 

Fluorescence-Rise 
Temperature  t 

A.  Comparison  of  cells  in  their  circadian  phasest 

Day  Phase  43.17  ±  0.33° 

Night  Phase  43.09  ±  0.07° 

B.  After  different  times,  at  15°  and  25° 

Exp.  1,  15°C,  3  days  41.88  ±  0° 

15°C,  30  h  42.35  ±  0.49° 

20°C  (culture  temperature)  43.65  ±  0.85° 

Exp.  2,  15°C,  6  days  41.97  ±  0.72° 

25°  to  5°C,  1  day  42.67  ±  0.71° 

25°C,  6  days  43.43  ±  0.31° 

15°  to  25°C,  1  day  43.64  ±  0.34° 

*Fluorescence  was  excited  with  broad-band  blue  light  and  measured  at  680 
nm. 

tFluorescence-rise  temperature  ±  standard  deviation  of  the  mean,  in  °C. 
*In  constant  light  (110  p.mol  m"2  s"1)  at  19-20°C. 


emitted  bioluminescence  in  a  sample 
from  the  same  culture  was  detected  at 
7.4°.  Thus  our  first  question  could  not 
be  answered  in  the  affirmative.  How- 
ever, the  possibility  remains  that  the 
membranes  associated  with  biolumi- 
nescence have  a  different  lipid  compo- 
sition from  the  thylakoid  and  thus  have 
a  lipid  phase  transition  at  a  different 
and  possibly  higher  temperature. 

In  Gonyaulax  cultured  for  long  times 
at  19-20°C,  the  fluorescence  rise  oc- 
curred at  about  43°C  (Table  10).  There 
was  no  significant  difference  in  the 
break-point  between  cells  tested  during 
the  day  phase  or  the  night  phase  of  their 
circadian  rhythms  in  constant  light 
(Table  10A).  In  the  first  experiment,  cells 
were  transferred  from  the  growth  tem- 
perature to  15°C  for  either  3  days  or  30 
h.  The  fluorescence-rise  temperature 
was  slightly  lower  at  the  lower  tem- 
perature; and  30  h  appeared  to  be  suf- 
ficient for  the  change  to  occur  (Table 
10B).  In  the  second  experiment  of  this 
series,  cells  were  placed  at  either  15°C 
or  25°C  for  5  days.  Part  of  each  culture 
was  then  moved  to  the  other  tempera- 
ture for  1  day  before  the  fluorescence 
was  measured  (Table  10B).  A  10°  dif- 


ference in  temperature  was  accom- 
panied by  a  small  but  significant 
difference  in  the  temperature  of  the  flu- 
orescence rise,  about  1.5°  higher  at  the 
higher  temperature.  This  difference  was 
observed  after  one  day  when  the  tem- 
perature was  raised  and  possibly  also 
after  the  temperature  was  lowered  by 
10°,  but  variation  in  the  cells  at  15°  was 
too  large  to  make  this  clear.  In  other 
organisms,  association  between  changes 
in  fluorescence  and  the  viscosity  of  lip- 
ids has  been  demonstrated  (Sinenski, 
1974).  Although  the  changes  in  the  flu- 
orescence-rise temperatures  were  very 
small  compared  with  those  in  E.  coli, 
they  were  in  the  correct  direction  for 
temperature  compensation  via  lipid 
changes  and  appear  to  occur  fast  enough 
to  account  for  temperature  compensa- 
tion of  the  circadian  period  in  Gonyau- 
lax. 
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STIMULATION  OF  BIOLUMINESCENCE  IN 
DINOFLAGELLATES  BY  RED  LIGHT 

Beatrice  M.  Sweeney,  David  C.  Fork,  and  Kazuhiko  Satoh 


Bioluminescence  in  three  species  of 
dinoflagellates — Gonyaulax  polyedra, 
Pyrocystis  fusiformis,  and  P.  lunula — 
can  be  stimulated  by  red  light.  Low  ox- 
ygen tension  is  one  condition  which 
permits  the  observation  of  light-stim- 
ulated bioluminescence  (Fig.  40).  An- 
aerobiosis,  brought  about  by  the  addition 
of  dithionite,  by  the  presence  of  meta- 
bolically  active  yeast  or  glucose  plus 
glucose  oxidase,  by  passing  nitrogen  gas 
over  the  cell  suspension,  or  simply  by 
allowing  a  concentrated  cell  suspension 
to  remain  for  a  long  time  in  darkness, 
provided  the  necessary  condition  for  the 
observation  of  red  light  stimulation.  Al- 
ternatively, light-stimulated  biolumi- 
nescence could  be  observed  in  the 
presence  of  CCCP  (carbonylcyanide  m- 
chlorophenylhydrazone,  10  (xM)  or 
NH2OH  (1  mM).  The  bioluminescence 
stimulated  by  light  comprised  only  about 
1%  of  the  total  capacity  to  emit  light, 
as  measured  by  acid  stimulation. 

The  emission  spectrum  with  a  max- 
imum at  478  nm  (Fig.  41)  identified  the 
light  emitted  as  true  bioluminescence 
(Sweeney,  1979).  The  action  spectrum 
had  a  maximum  in  the  red  portion  of 
the  visible  spectrum  at  675  nm,  which 
suggested  the  participation  of  photo- 
synthesis in  the  induction  of  light  emis- 
sion. 

A  flash  of  short  duration  (about  5  fxs) 
from  a  xenon  flash  lamp  also  excited 
bioluminescence,  but  no  emission  oc- 
curred until  the  third  flash  in  short 
succession  (Fig.  42).  The  latency  follow- 
ing a  xenon  flash  was  450-500  (xs  (not 
shown).  The  rise  time  in  all  three  spe- 
cies was  20-32.5  ms.  In  the  case  of  longer 
times  of  irradiation  from  a  helium-neon 


Fig.  40.  Red-light-stimulated  bioluminescence 
in  Gonyaulax  polyedra.  Cells  from  the  night  phase 
of  their  circadian  rhythm  in  constant  light  were 
concentrated  x  45  by  centrifugation  and  allowed 
to  remain  in  darkness  for  several  hours.  They 
were  then  irradiated  with  the  beam  from  a  he- 
lium-neon laser  at  68  mW  cm"2  for  either  1.6  s 
(upper  trace)  or  75  s  (lower  trace).  Bioluminesc- 
ence was  detected  with  an  E.M.I,  photomultiplier 
tube  (9558B)  with  three  broad-band  blue  filters 
(Corning  No.  4-96)  and  the  output  was  recorded 
on  a  signal  averager  (Nicolet  Instrument  Co., 
Model  1010)  (upper  trace)  or  an  EVK  chart  re- 
corder (lower  trace). 


laser  (632.8  nm),  the  time  to  reach  max- 
imum bioluminescence,  as  shown  in  the 
upper  curve  of  Fig.  40,  varied  with  the 
conditions  and  was  longer  at  lower  ir- 
radiances.  Subsequent  to  the  maxi- 
mum, bioluminescence  decayed 
logarithmically  while  the  cells  were  still 
illuminated. 

In  addition  to  the  action  spectrum, 
further  evidence  for  the  mediation  of 
photosynthesis  in  the  stimulation  of 
bioluminescence  by  light  was  provided 
by  inhibitor  studies.  Light-stimulated 
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Fig.  41.  The  emission  spectrum  of  biolumi- 
nescence  in  Gonyaulax  polyedra  stimulated  by 
red  light  (632.8  nm)  from  a  helium-neon  laser. 
Bioluminescence  was  detected  and  recorded  as  in 
Fig.  40,  lower  trace.  Regions  of  the  visible  spec- 
trum were  isolated  with  Balzers  interference  fil- 
ters. 


minescence  because  measurements  with 
an  oxygen-rate  electrode  showed  that 
hydroxy lamine,  at  concentrations  which 
favored  the  emission  of  large  amounts 
of  bioluminescence,  completely  inhib- 
ited the  evolution  of  oxygen.  Oxygen  in 
any  but  small  amounts  actually  ap- 
peared to  prevent  light  stimulation  of 
bioluminescence. 

The  transport  of  hydrogen  ions  in 
photosynthesis  does  not  appear  to  be 
responsible  for  light-stimulated  biolu- 
minescence, because  bioluminescence 
could  be  stimulated  in  the  presence  of 
CCCP,  even  at  high  concentrations  of 
100-300  (jlM  where  chloroplast  mem- 
branes are  completely  uncoupled  (Hey- 
tler  and  Pritchard,  1962).  CCCP  (10  (xM) 
completely  inhibited  M1  of  the  fluores- 
cence transient,  which  has  been  attrib- 
uted to  proton  transport  (Yamagishi  et 
al.,  1978).  The  maximum  biolumines- 
cence coincided  in  time  with  the  ap- 
pearance of  the  dip  "D"  of  the 
fluorescence  transient  or  Kautsky  ef- 
fect (Govindjee  and  Papageorgiou,  1971), 
which  we  found  to  occur  at  the  same 
time  as  the  maximum  membrane  po- 
tential change,  measured  in  Gonyaulax 
as  the  light-induced  carotenoid  shift  at 
560  nm. 

PS  I  is  apparently  not  responsible  for 
the  light  stimulation  of  biolumines- 
cence because  DCMU  inhibition  was  not 


bioluminescence  was  inhibited  by 
DCMU  (3-(3,4-dichlorophenyl)-l,l-di- 
methylurea,  20  |xM)  and  partially  in- 
hibited by  DBMIB  (2,5-dibromo-3- 
methyl-6-isopropyl-p-benzoquinone,  10 
\iM),  implying  that  a  functional  PS  II 
was  required  for  this  effect.  The  partic- 
ipation of  PS  II  was  also  suggested  by 
the  observation  that  in  flashing  light 
no  bioluminescence  was  emitted  from 
dark-adapted  cells  until  the  third  flash. 
It  is  known  that  oxygen  evolution  in 
dark-adapted  cells  only  occurs  after  the 
third  flash  (Joliot,  1968;  Kok  et  al,  1970). 
However,  oxygen  evolved  by  PS  II  can 
be  eliminated  as  a  mediator  of  biolu- 


Fig.  42.  Bioluminescence  of  Gonyaulax  po- 
lyedra in  response  to  a  series  of  flashes  from  a 
xenon  flash  lamp,  one  flash  every  2  s.  Biolumi- 
nescence was  detected  and  recorded  as  in  Fig.  40. 
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reversible  by  the  electron  donor  to  PS 
I,  DAD  (diaminodurol,  at  0.2  mM)  and 
ascorbate.  However,  DAD  did  acceler- 
ate the  dark  reduction  of  oxidized  cy- 
tochrome c  in  the  presence  of  DCMU, 
showing  that  DAD  did  donate  electrons 
to  PS  I  in  this  organism. 

Although  in  Gonyaulax  the  site  of  the 
emission  of  bioluminescence  is  not 
known,  in  Pyrocystis  light  is  emitted 
from  discrete  microsources  which  can 
be  at  some  distance  from  the  chloro- 
plast  (Sweeney,  1980). 

To  summarize,  our  data  suggest  that 
PS  II  produces  a  membrane  potential 
change  (other  than  that  associated  with 
proton  movement)  that  is  responsible 
for  the  stimulation  of  bioluminescense. 
It  would  be  expected  that  such  a  mem- 
brane potential  could  be  trasmitted  fast 
enough  through  the  cell  to  account  for 
the  very  short  latency  observed  when 


bioluminescence  is  stimulated  by  a  short 
flash  of  light. 

During  the  course  of  these  studies, 
one  short  report  of  light-stimulated 
bioluminescence  came  to  our  attention 
(Hickman  and  Lynch,  1981). 
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HIGH  LIGHT  AND  WATER  STRESS  EFFECTS  ON 
PHOTOSYNTHESIS   IN  Nerium  oleander 


Our  studies  of  the  effect  of  excessive 
light  and  interactions  between  light  and 
water  stress  on  photosynthetic  reac- 
tions in  Nerium  oleander  (Year  Book 
79, 150-157;  Year  Book  80,  57-59)  have 
now  been  completed.  Detailed  accounts 
of  the  results  gained  during  the  past 
year  have  been  submitted  for  publica- 
tion elsewhere.  For  this  reason,  ab- 
stracts only  of  these  papers  (C.I.W.- 
D.P.B.  Pub.  Nos.  773  and  775)  are  pre- 
sented here. 

I.  Photo-inhibition  of 

photosynthesis:  effect  on 

Chlorophyll  Fluorescence  at 

77  K  in  Intact  Leaves  and  in 

Chloroplast  Membranes 

Stephen  B.  Powles  and  Olle  Bjorkman 

The  effect  of  exposing  intact  leaves 
and  isolated  chloroplast  membranes  of 


Nerium  oleander  plants,  grown  at  a 
photon  fluence  rate  of  300  jxmol  m"2 
s"1,  to  higher  fluence  rates  under  oth- 
erwise favorable  conditions,  was  fol- 
lowed by  measuring  photosynthetic  C02 
uptake,  electron  transport,  and  low- 
temperature  (77  K)  fluorescence  ki- 
netics. Photoinhibition  was  manifested 
by  a  reduction  in  the  light-saturated 
rate  of  net  C02  uptake,  an  even  greater 
reduction  in  the  photon  (quantum)  yield 
of  C02  uptake,  and  a  reduced  rate  of 
whole-chain  (H20— »methyl  viologen) 
electron  transport.  These  changes  were 
accompanied  by  marked  changes  in  the 
fluorescence  characteristics  of  the  ex- 
posed upper  leaf  surface,  while  there 
was  little  effect  on  the  fluorescence 
characteristics  of  the  lower  leaf  surface, 
which  during  treatment  received  only 
about  10%  of  the  photon  fluence  rate 
incident  on  the  upper  surface. 
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The  most  prominent  effect  of  photo- 
inhibitory  treatment  of  leaves  and  of 
chloroplast  membranes  was  a  strong 
quenching  of  the  maximum  fluores- 
cence emission  at  692  nm  (7^^,692) 
while  the  instantaneous  fluorescence 
(F0,692)  was  either  unaffected  or  slightly 
increased.  The  variable  fluorescence 
(F.,692  =  Fmax,692  -  F0,692)  thus  was 
strongly  quenched.  The  maximum  and 
the  variable  fluorescence  emissions  at 
734  nm  were  also  reduced  although  not 
as  much  as  Fma^,692  and  Fv,692.  These 
results  are  qualitatively  similar  to  those 
obtained  when  Phaseolus  vulgaris  leaves 
were  exposed  to  a  combination  of  high 
photon  fluence  rate  and  low  tempera- 
ture {Year  Book  79, 157-160;  Year  Book 
80,  52-57).  The  results  support  the  view 
that  photoinhibition  involves  an  inac- 
tivation  of  the  primary  photochemistry 
of  photosystem  II  by  damaging  the  re- 
action center  complex. 

As  illustrated  in  Fig.  43,  no  quench- 
ing of  Fmax,692  (or  Fv,692)  was  obtained 
after  exposure  of  N.  oleander  leaves  to 
300  |xmol  m  "  2  s  " 1,  i.e.,  the  same  fluence 


rate  at  which  the  plants  were  grown. 
As  the  treatment  photon  fluence  rate  is 
increased  above  this  level,  the  quench- 
ing of  Fmax,692  and  Fy,692  becomes  ev- 
ident. The  extent  of  this  quenching 
increases  with  increased  photon  flu- 
ence rate  and  duration  of  exposure. 
F0,692  was  not  significantly  affected 
even  at  the  highest  photon  fluence  rate 
and  the  longest  exposure  times  used  in 
this  study. 

Photoinhibition,  as  manifested  by  an 
increased  fluorescence  quenching  of 
Fmax,692  and  Fv,692  from  the  upper  sur- 
face of  intact  N.  oleander  leaves,  oc- 
curred at  all  treatment  temperatures  in 
the  range  of  from  6°  to  36°C.  However, 
photoinhibition  was  most  severe  after 
the  lowest  treatment  temperature  and 
gradually  decreased  with  increased 
temperature.  Photosynthetic  activity  of 
N.  oleander  leaves,  determined  at  sat- 
urating but  nonphotoinhibitory  photon 
fluence  rates,  also  gradually  declined 
with  decreasing  temperature  in  this 
range. 

Low  02  concentration  during  expo- 
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Fig.  43.  Time  course  of  the  effect  on  .F0,692  and  Fmax,692  of  exposing  Nerium  oleander  leaves  to 
photon  fluence  rates  of  300,  825,  and  1650  |xmol  m  2  s_1  in  normal  air  at  25CC.  Results  are  for  the 
upper,  exposed  leaf  surface.  Plants  were  grown  at  a  photon  fluence  rate  of  300  (xmol  m  2  s_1  and 
25°C. 
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sure  of  the  leaves  to  high  fluence  rates 
provided  little  or  no  protection  against 
photoinhibition  of  primary  photochem- 
istry, as  determined  by  the  quenching 
of  Fmajc,692  and  F.,,692.  With  isolated 
chloroplast  membranes,  exposure  to  high 
fluence  rates  caused  severe  quenching 
of  Fmajc,692  and  ^,692  as  well  as  a  re- 
duction in  whole-chain  electron  trans- 
port activity  even  under  nearly 
anaerobic  conditions.  This  result  indi- 
cates that  the  primary  event  involved 
in  the  photoinhibition  of  the  PS  II  re- 
action center  complex  does  not  require 
the  participation  of  oxygen  species. 
However,  low  02  concentration  during 
exposure  of  the  chloroplast  membranes 
to  high  photon  fluence  rates  did  provide 
protection  against  a  decline  in  PS  I- 
driven  electron  transport  activity. 

Measurement  of  fluorescence  char- 
acteristics at  77  K  provides  a  simple 
and  sensitive  method  for  determining 
photoinhibitory  injury,  and  is  particu- 
larly useful  in  studies  of  photoinhibi- 
tion and  in  field  studies  of  interactive 
effects  between  high  light  levels  and 
major  stress  factors. 

II.  Inhibition  of  Photosynthetic 

Reactions  under  Water  Stress: 

Interaction  with  Light  Level 

Olle  Bjorkman  and  Stephen  B.  Powles 

When  well-established  plants  oiNer- 
ium  oleander,  growing  under  full  nat- 
ural daylight  in  the  field,  were  subjected 
to  water  stress  by  terminating  water- 
ing, the  photosynthetic  rate  gradually 
declined.  This  decline  was  accompanied 
by  a  parallel  reduction  in  stomatal  con- 
ductance. However,  photosynthetic  ac- 
tivity, measured  under  conditions  that 
permitted  the  concentration  of  C02  in 
the  leaf  intercellular  spaces  to  remain 
constant  in  spite  of  a  decreased  sto- 
matal conductance,  showed  that  the  ob- 
served decline  in  photosynthetic  rate 
could  only  be  partially  explained  by  sto- 
matal closure.  Similarly  when  plants, 
prestressed  to  water  potentials  causing 


complete  stomatal  closure,  were  rewa- 
tered,  the  photosynthetic  rate  was  de- 
pressed even  though  the  stomata 
reopened.  These  results  indicate  that 
water  stress  caused  an  inactivation  of 
photosynthetic  reactions  at  the  chlo- 
roplast level.  The  rate  of  whole-chain 
electron  transport  and,  to  a  lesser  de- 
gree, the  rate  of  PS  I-driven  electron 
transport  of  chloroplast  membranes, 
isolated  from  the  stressed  leaves,  also 
showed  a  gradual  decline  with  in- 
creased severity  and  duration  of  the 
stress. 

This  inactivation  of  photosynthesis 
and  electron  transport  activity  was  ac- 
companied by  changes  in  the  fluores- 
cence characteristics  at  77  K  for  the 
upper,  exposed  leaf  surfaces  and  in  the 
fluorescence  characteristics  of  chloro- 
plast membranes  isolated  from  the 
stressed  leaves.  The  maximum  (Fmax) 
and  the  variable  (F0)  fluorescence  yield 
at  692  nm  were  strongly  quenched,  but 
there  was  little  if  any  effect  on  the  in- 
stantaneous (F0)  fluorescence.  There  was 
a  concomitant  but  somewhat  less 
marked  quenching  of  the  maximum  and 
variable  fluorescence  at  734  nm. 

The  upper  part  of  Fig.  44  shows  the 
changes  in  the  fluorescence  character- 
istics (Fmax  and  F0),  measured  at  dawn 
after  termination  of  watering.  As  the 
leaf  water  potential  fell  from  -1.1  to 
-3.9  MPa  over  a  nine-day  period, 
Fmax,692  and  F„692  (not  shown)  de- 
creased to  50%  and  40%  of  their  origi- 
nal values,  respectively,  with  no  effect 
on  FOJ692.  As  shown  in  the  lower  part 
of  Fig.  44,  the  water  stress  treatment 
had  little  effect  on  the  fluorescence 
characteristics  of  the  lower,  naturally 
shaded,  surface.  Moreover,  water  stress 
treatment  of  whole  plants,  kept  in  deep 
shade  (not  shown),  had  no  significant 
effect  on  the  fluorescence  characteris- 
tics of  either  leaf  surface  or  of  chloro- 
plast membranes  isolated  from  water- 
stressed  leaves,  even  at  water  poten- 
tials as  low  as  -5.4  MPa. 

The  effects  of  subjecting  N.  oleander 
plants  growing  in  full  daylight  to  water 
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Fig.  44.  Time  course  of  leaf  water  potential  (i|») 
and  F0,692  and  Fmax,692  for  the  upper  (exposed) 
and  the  lower  (shaded)  leaf  surfaces  of  Nerium 
oleander  plants  grown  in  full  daylight  (photon 
fluence  rate  at  noon  —2100  |xmol  m~2  s1)  in  the 
field  at  Stanford. 


stress  are  indistinguishable  from  the 
effects  obtained  in  the  experiments  pre- 
sented above,  in  which  plants  of  the  same 
clone  but  grown  under  a  lower  light  re- 
gime, were  exposed  to  full  daylight  un- 
der well-watered  conditions.  Both  kinds 
of  treatments  evidently  cause  an  inac- 
tivation  of  the  primary  photochemistry 
of  the  photosystem  II  reaction  center 
complex.  These  results  thus  indicate  that 
water  stress  in  large  part  exerts  dam- 
age to  the  photosynthetic  system  indi- 
rectly by  increasing  the  susceptibility 
to  photoinhibitory  injury  by  bright  light. 


In  N.  oleander,  however,  severe  water 
stress  can  additionally  affect  electron 
transport  activity  even  in  deep  shade 
without  affecting  the  primary  photo- 
chemistry of  photosystem  II. 

Although  it  is  clear  that  water  stress 
increases  the  susceptibility  to  photo- 
inhibition,  we  do  not  yet  fully  know  the 
underlying  causes.  We  examined  the 
possibility  that  stomatal  closure  in- 
creases the  sensitivity  to  photoinhibi- 
tion  by  preventing  net  C02  uptake  and 
hence  increasing  the  accumulation  of 
excess  excitation  energy.  Prevention  of 
C02  and  water  vapor  exchange  by  ap- 
plying thin  aluminum  foil  tape  to  the 
lower  surfaces  of  the  hypostomatous 
leaves  of  well-watered  N.  oleander  plants 
growing  in  full  daylight,  did  result  in 
significant  quenching  of  subsequent 
FOTax,692  and  7^,692  of  the  upper  leaf 
surface  as  well  as  an  inhibition  of  elec- 
tron-transport activity  and  whole-leaf 
photosynthetic  rate.  However,  the  pho- 
toinhibition  was  considerably  less  se- 
vere than  when  the  plants  were 
subjected  to  water  stress.  Thus,  al- 
though stomatal  closure  probably  is  an 
important  component  factor  in  water 
stress-induced  photoinhibition,  other, 
yet  unidentified  factors  must  also  be  in- 
volved. 

Concluding  Remarks.  It  follows  from 
these  studies  that  tolerance  of  the  pho- 
tosynthetic system  to  injury  under  water 
stress  may  in  large  part  depend  on  the 
plant's  ability  to  minimize  photoinhi- 
bition. Hence,  any  mechanism  that 
minimizes  light  interception  under  con- 
ditions of  water  stress,  such  as  para- 
heliotropic  leaf  movements,  increased 
leaf  reflectance,  or  any  mechanism  that 
permits  an  increased  dissipation  of  ex- 
cessive excitation  energy,  should  alle- 
viate water  stress-induced  damage  to 
the  photosynthetic  system.  Studies  on 
other  species  have  been  initiated  to  test 
this  hypothesis. 
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INTERSPECIFIC  DIFFERENCES  IN  THE  KINETIC 
PROPERTIES  OF  RuBP  CARBOXYLASE  PROTEIN 

Jeffrey  R.  Seemann  and  Joseph  A.  Berry 


The  protein  that  catalyzes  the  RuBP 
carboxylase/oxygenase  (RuBPC'ase, 
EC4. 1.1.39)  reactions  constitutes  up  to 
20%  of  the  total  protein  of  leaves  of  C3 
higher  plant  species.  Nevertheless,  there 
is  abundant  evidence  that  this  protein 
is  a  factor  limiting  the  photosynthetic 
capacity  of  leaves  under  certain  con- 
ditions. (For  a  review,  see  Bjorkman, 
1981.)  Presumably  the  large  amount  of 
protein  required  for  this  single  function 
reflects  the  low  catalytic  efficiency  of 
this  enzyme  at  the  low  C02  concentra- 
tions and  high  02  concentration  of  the 
present  atmosphere.  Catalysis  of  the 
carboxylation  reaction  at  concentra- 
tions of  C02  and  02  thought  to  be  typ- 
ical of  the  chloroplast  proceeds  at  only 
about  one-fifth  the  maximum  rate  that 
the  enzyme  could  reach  at  rate-satu- 
rating C02  concentrations  (Farquhar  et 
al.,  1980).  Furthermore,  the  catalytic 
reaction  of  the  enzyme  is  quite  slow  (even 
at  rate-saturating  concentrations  of 
substrates)  in  comparison  to  other  en- 
zymes. For  example,  fumerase  cata- 
lyzes about  800  reactions  per  active  site 
per  second  (kcat=  800  s"1)  while  each 
of  the  eight  active  sites  of  RuBPC'ase 
turns  over  about  three  times  per  second 
(kcat=  24  s_1).  The  basis  of  the  low  cat- 
alytic efficiency  of  this  key  reaction  is 
not  understood. 

Jordan  and  Ogren  (1981)  present  ev- 
idence that  RuBPC'ase  of  higher  plants 
is  more  efficient,  if  one  considers  the 
present  composition  of  the  Earth's  at- 
mosphere, than  the  corresponding  en- 
zyme from  lower  photosynthetic 
organisms.  They  suggest  that  this  dif- 
ference may  be  the  result  of  evolution- 
ary modifications  of  the  functional 
characteristics  of  this  highly  conserved 
enzyme.  Functional  differences  among 
higher  plants  in  the  properties  of  this 
enzyme  have  previously  been  sug- 
gested (by  Yeoh  et  al.  [1981],  who  ex- 


amined the  Km{C02)  of  RuBPC'ase  from 
taxonomically  diverse  higher  plants 
possessing  either  the  C3  or  C4  photo- 
synthetic pathway;  by  Rhodes  et  al. 
[1980],  who  looked  at  the  specific  activ- 
ity of  this  enzyme  from  interspecific  hy- 
brids of  Nicotiana;  and  by  Andersen  et 
al.  [1970],  who  examined  different  gen- 
otypes of  tomatoes).  These  studies  are 
based  entirely  upon  in  vitro  assays  of 
the  extracted  enzyme,  and  they  do  not 
address  whether  or  not  the  kinetic 
properties  of  RuBPC'ase  measured  in 
vitro  in  fact  reflect  the  properties  of  the 
enzyme  in  situ.  The  apparent  differ- 
ences might,  for  example,  be  the  result 
of  differential  inactivation  of  the  en- 
zyme during  extraction  and  purifica- 
tion, or  they  may  be  a  function  of 
problems  with  the  assay  system  used. 
Studies  of  the  relation  between  the 
photosynthetic  capacity  of  desert  win- 
ter annuals  and  their  RuBPC'ase  pro- 
tein reported  last  year  {Year  Book  80, 
67-72)  overcame  some  of  these  diffi- 
culties. First,  we  were  able  to  demon- 
strate sufficient  quantities  of  RuBPC'ase 
in  leaf  extracts  to  account  for  observed 
rates  of  net  C02  uptake  with  the  cor- 
responding leaf.  Second,  we  found  that 
purified  RuBPC'ase  from  two  species, 
Geraea  canescens  and  Camissonia  brev- 
ipes,  differed  in  its  catalytic  efficiency 
in  vitro.  Finally,  we  obtained  much  bet- 
ter agreement  between  the  observed 
rates  of  C02  uptake  by  intact  leaves 
and  rates  predicted  from  measure- 
ments of  the  amount  of  RuBPC'ase  of 
those  leaves  when  species-specific  dif- 
ferences in  catalytic  efficiency  were 
taken  into  account.  Thus,  this  differ- 
ence in  the  kinetic  properties  of  Ru- 
BPC'ase appeared  to  be  expressed  in  situ. 
However,  those  studies  were  not  spe- 
cifically designed  to  address  this  pos- 
sibility. The  conditions  used  for  the  in 
situ  assay  of  net  C02  uptake  may  not 
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have  permitted  full  expression  of  the 
RuBPC'ase  activity  of  the  leaves,  and 
the  relative  difference  in  the  kinetic 
properties  of  the  RuBPC'ase  between 
these  species  was  not  large  in  compar- 
ison to  the  limits  of  resolution  of  our 
techniques.  We  report  here  a  series  of 
experiments  designed  to  provide  a  more 
critical  test  of  the  possibility  of  differ- 
ences between  plants  in  the  catalytic 
efficiency  of  this  enzyme  in  vivo. 

Materials  and  Methods 

For  this  study  we  have  chosen  two 
species  of  higher  plants  that  have  fre- 
quently been  used  for  studies  of  Ru- 
BPC'ase— Spinacea  oleracea  L.  (spinach) 
and  Glycine  max  (L.)  Merr.  (soybean). 
Plants  used  in  this  study  were  grown 
at  25715°C  (day/night).  Leaves  of  dif- 
ferent ages,  or  leaves  of  plants  which 
had  received  different  levels  of  irradi- 
ance  or  nutrients  were  selected  to  pro- 
vide variation  in  the  rate  of  net  C02 
uptake  and  total  nitrogen.  Gas-ex- 
change measurements  of  net  C02  up- 
take and  transpiration  were  conducted 
with  whole,  attached  leaves,  and  the 
C02  concentration  of  the  intercellular 
air  spaces  was  calculated  (Field  et  al., 
1982).  Total  leaf  nitrogen  was  mea- 
sured by  the  Kjeldahl  procedure  on  discs 
punched  from  each  leaf.  A  sample  (—0.2 
g)  of  each  leaf  used  for  measurements 
of  net  C02  uptake  was  ground  in  liquid 
nitrogen  with  50  mg  of  polyvinylpyrol- 
idone  (MW  =  40,000)  and  extracted  and 
activated  in  100  mM  Bicine  (pH  7.8), 
20  mM  MgCl2,  10  mM  NaHC03,  50  |xM 
6-phosphogluconate,  5  mM  dithiothrei- 
tol,  1  mM  diethyldithiocarbamic  acid, 
and  50  mM  NaAscorbate.  RuBPC'ase 
activity  was  assayed  in  100  mM  Bicine 
(pH  8.2),  20  mM  MgCl2,  13  mM  NaH 
14C03,  0.4  mM  RuBP,  and  5  mM  di- 
thiothreitol.  RuBPC'ase  protein  con- 
centration was  determined  by  a  specific 
radiochemical  assay  {Year Book  78, 171- 
175).  Kinetic  measurements  which  re- 
quired a  more  concentrated  enzyme  so- 
lution were  conducted  with  partially 


purified  enzyme  from  similar  extracts. 
These  studies  were  conducted  accord- 
ing to  Lorimer  et  al.  (1977)  except  that 
the  enzyme  preparation  was  as  rapid  as 
possible  (3-5  h)  and  the  enzyme  was 
activated  by  preincubation  with  20  mM 
MgCl2,  10  mM  NaHC03,  and  50  \xM  6- 
phosphogluconate  in  100  mM  Bicine  (pH 
7.8).  The  kinetic  constants  were  cal- 
culated by  the  weighted  statistical 
method  of  Wilkinson  (1961). 

We  calculated  expected  photosyn- 
thetic  rates  from  measurements  of  the 
Michaelis  constant  for  C02  [Km(C02)] 
of  isolated  RuBPC'ase,  the  concentra- 
tion of  C02  inside  the  leaf  (C,),  the  turn- 
over number  of  the  enzyme  per  enzyme 
molecule  (kcat),  and  measurements  of  the 
enzyme  density  per  unit  leaf  area  (Et), 
according  to  the  Michaelis-Menten 
equation,  assuming  a  rate-saturating 
RuBP  concentration. 

Results  and  Discussion 

In  these  studies  we  consistently  ob- 
tained a  higher  kcat  for  RuBPC'ase  ob- 
tained from  extracts  of  spinach  leaves 
than  from  leaves  of  soybean  (Table  11  A). 
The  Km{C02)  was  found  to  be  similar 
for  the  two  species,  as  previously  re- 
ported by  Jordan  and  Ogren  (1981).  We 
have  devoted  considerable  effort  to 
minimize  damage  to  the  enzyme  during 
extraction  and  to  maximize  the  acti- 
vation state  of  the  enzyme  during  the 
assay.  Nevertheless,  kcat  values  ob- 
tained with  replicate  preparations  var- 
ied. This  variation  appeared  to  be  the 
result  of  incomplete  activation  of  (or 
damage  to)  the  enzyme.  Therefore,  we 
report  the  highest  values  for  kcat  that 
we  could  consistently  obtain  with  our 
most  active  preparations.  The  values  we 
report  are  10-20%  greater  than  the 
maximum  values  for  kcat  (at  25°C)  re- 
ported in  the  literature  (Hall  et  al,  1981; 
Christeller  and  Laing,  1979). 

Since  the  rate  of  catalysis  per  unit 
protein  is  directly  proportional  to  the 
kcat,  this  1.7-fold  difference  in  the  kcat 
should  yield  a  correspondingly  higher 
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TABLE  11.  RuBP  Carboxylase  from  Spinach  and  Soybean 


Spinach 


A.  Kinetic  constants* 
Km  (C02),  jtl/1 

Kcat>  s 

B.  In  situ  RuBPC'ase  activityt 

per  RuBPC'ase  protein,  |j.mol  mg  min   : 
per  total  leaf  protein,  |xmol  mg  min   : 

C.  RuBPC'ase  protein  versus  activity  in 
situ  ratio* 


310 
26 

0.75  ±  0.12 
0.12  ±  0.02 

0.87  ±  0.12 


Soybean 


310 
15 

0.40 

0.08 


0.08 
0.01 


0.88  ±  0.18 


*Measured  with  purified  enzyme. 

tApparent  activity  of  RuBPC'ase  in  intact  leaves  at  100  |xl/l  C02  and  2%  02. 
$  Ratio  of  activity  predicted  for  RuBPC'ase  to  that  obtained  in  situ  at  100  (xl/1  C02  and  2%  02  using 
the  above  kinetic  constants  and  RuBPC'ase  protein  measured  per  unit  leaf  area  (see  also  Fig.  46). 


photosynthetic  efficiency  for  spinach 
leaves  than  for  soybean  leaves.  A  key 
consideration  in  relating  C02  uptake 
by  intact  leaves  to  the  amount  of 
RuBPC'ase  protein  present  in  those 
leaves  is  the  condition  used  for  the  mea- 
surement of  net  C02  uptake.  The  as- 
says in  vitro  were  conducted  in  the 
presence  of  a  rate-saturating  concen- 
tration of  RuBP  and  in  the  absence  of 
the  alternative  substrate  02.  It  is  not 
possible  to  duplicate  these  conditions 
exactly  in  vivo.  However,  it  seems  very 
likely  that  internal  concentrations  of 
RuBP  sufficient  to  saturate  the  rate  of 
the  RuBPC'ase  reaction  occurs  when 
photosynthesis  (in  the  presence  of  sat- 
urating light  intensity  and  low  02)  is 
strongly  limited  by  the  concentration  of 
C02.  Evidence  for  this  assumption  can 
be  obtained  from  the  radio-tracer  stud- 
ies of  Wilson  and  Calvin  (1955),  from 
RuBP  pool  size  measurements  during 
photosynthesis  (Year  Book  77,  248-251; 
and  Sicher  et  al.,  1981),  and  from  com- 
parison of  measurements  of  the  C02  de- 
pendence of  the  rate  of  C02  fixation  by 
intact  chloroplasts  to  the  RuBP-satu- 
rated  rate  of  C02  fixation  by  the 
RuBPC'ase  of  those  chloroplasts  (Lilley 
and  Walker,  1975). 

Net  C02  uptake  by  a  spinach  leaf  pro- 
vided with  rate-saturating  irradiance 
at  25°C  and  2%  02  (Fig.  45,  top)  is  nearly 
linearly  dependent  upon  the  intercel- 
lular concentration  of  C02  (C,)  at  low 


C02  concentrations,  but  becomes  rate 
saturated  by  C02  concentrations  above 
about  200  jxl/1.  This  rate  saturation  may 
indicate  that  some  other  reaction  not 
affected  by  the  C02  concentration  be- 
comes limiting  at  high  C02  (see  Lilley 
and  Walker,  1975;  von  Caemmerer  and 
Farquhar,  1981).  At  an  intercellular  C02 
concentration  (C,-)  of  100  (xl/1,  however, 
the  rate  is  about  50%  of  the  maximum 
that  could  be  achieved  by  this  leaf,  and 
it  seems  likely  that  the  RuBPC'ase  re- 
action strongly  limits  net  C02  uptake 
at  this  point.  Thus,  as  argued  above,  the 
supply  of  the  second  substrate  RuBP 
should  be  nonlimiting.  Response  curves 
similar  to  those  shown  (Fig.  45)  were 
determined  for  each  leaf  studied,  and 
the  rate  of  net  C02  uptake  at  C,  =  100 
fxl/1  C02  for  each  was  interpolated  from 
these  plots.  This  rate  of  C02  fixation 
should  thus  be  a  measure  of  the  in  situ 
activity  of  RuBPC'ase  at  C,  =  100  (xl/1 
C02. 

Figure  45  illustrates  the  relationship 
between  in  situ  RuBPC'ase  activity  and 
the  concentration  of  either  RuBPC'ase 
or  total  protein  for  three  different  spin- 
ach leaves  (from  three  different  plants 
grown  under  different  conditions;  a  to- 
tal of  eight  leaves  were  used).  Similar 
data  for  soybean  was  obtained  (data  not 
shown;  nine  leaves  were  used).  When 
the  in  situ  RuBPC'ase  activity  is  ex- 
pressed in  terms  of  total  extractable 
RuBPC'ase  protein  (Table  11B),  there 
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Fig.  45.  Rates  of  photosynthetic  C02  fixation 
by  three  different  spinach  leaves  as  a  function  of 
the  intercellular  concentration  of  C02  (C,)  of  each 
particular  leaf.  Also  shown  are  the  concentra- 
tions of  RuBPCase  protein  and  total  protein 
measured  for  each  leaf  after  completion  of  pho- 
tosynthesis measurements.  In  situ  RuBPCase 
activity  at  C,  =  100  n.1/1  was  interpolated  from  these 
gas-exchange  curves. 


species.  Calculations  of  the  predicted 
rate  of  C02  uptake  from  measurements 
of  enzyme  content  proved  a  good  indi- 
cator of  the  differences  in  photosyn- 
thetic capacity  (Fig.  46),  indicating  that 
the  RuBPCase  enzyme  of  leaves  of  a 
given  species  appears  to  be  constant, 
even  though  the  leaves  used  were  in 
quite  different  physiological  states. 
Furthermore,  good  agreement  between 
predicted  and  observed  photosynthetic 
rates  was  obtained  only  if  it  was  as- 
sumed that  all  extractable  RuBPCase 
was  carrying  out  C02  fixation  in  the 
leaf  and  that  the  enzyme  was  fully  ac- 
tivated in  situ  at  C,  =  100  |xl/l. 

While  these  studies  appear  to  indi- 
cate that  the  RuBPCase  of  spinach  is 
more  efficient  than  that  of  soybean,  the 
in  situ  assays  might  also  be  explained 
if  the  yield  for  extraction  of  RuBPCase 
protein  is  higher  for  soybean  than  for 
spinach.  In  order  to  examine  this  pos- 
sibility, we  compared  the  yield  of 
RuBPCase  to  the  total  leaf  protein  for 
the  two  species  (Fig.  47).  The  mean 
fraction  (x  ±  S.D.)  was  15.9  ±  2.5%  and 
19.5  ±  2.8%  of  the  total  leaf  nitrogen 


is  a  large  difference  between  spinach 
and  soybean  in  the  apparent  efficiency 
of  this  protein  for  net  C02  fixation.  This 
difference  is  of  approximately  the  same 
magnitude  as  that  observed  with  stud- 
ies of  the  isolated  RuBPCase  (Table 
11  A)  of  these  species  assayed  in  vitro. 
While  it  is  not  feasible  to  estimate 
the  kinetic  properties  of  RuBPCase  from 
these  in  situ  assays,  it  is  possible  to 
compare  the  rate  observed  in  situ  to  that 
calculated  at  C;=100  |jl1/1  from  the 
RuBPCase  protein  content  of  the  leaves 
and  the  appropriate  values  for  the  kcat 
and  l<Lm(C02).  Estimated  rates  (we  as- 
sumed the  C02  concentration  in  the 
chloroplast  was  the  same  as  that  of  the 
intercellular  air  spaces,  i.e.,  100  |xl/l) 
were  80-90%  of  the  observed  rates  (Ta- 
ble 11C).  The  leaves  used  in  this  study 
were  selected  to  have  a  wide  range  of 
photosynthetic  capacity  within  each 
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Fig.  46.  The  relation  between  the  predicted  rate 
of  C02  fixation  for  a  number  of  spinach  and  soy- 
bean leaves  and  the  observed  rate  of  photosyn- 
thesis, as  determined  by  gas  exchange  at  C,  =  100 
H-l/l.  See  text  for  details  of  calculations.  The  solid 
diagonal  line  indicates  exact  agreement  between 
predicted  and  observed  values. 
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were  grown  under  a  variety  of  conditions. 


for  these  spinach  and  soybean  leaves, 
respectively.  While  the  fraction  does 
differ  between  species,  the  difference  is 
not  nearly  large  enough  to  account  for 
the  difference  in  the  activity  of  Ru- 
BPC'ase measured  in  situ.  Further- 
more, spinach  leaves  are  widely  used 
for  biochemical  studies  because  they 
contain  very  few  secondary  compounds 
that  might  interfere  with  extraction  of 
proteins  and  organelles.  Another  check 
on  possible  artifacts  of  extraction  is  pro- 
vided by  examining  the  relation  be- 
tween the  in  situ  activity  of  RuBPC'ase 
of  leaves  as  measured  by  gas  exchange 
and  the  total  nitrogen  content  of  those 
leaves  as  determined  by  the  Kjeldahl 
procedure.  Species-dependent  charac- 
teristics which  might  generate  differ- 
ential protein  extractability  would  not 
be  expected  with  this  procedure,  since 
leaf  samples  are  completely  digested  in 
hot  acid.  The  apparent  efficiency  of  net 
C02  uptake  per  mg  total  leaf  protein 
(Table  11B)  from  spinach  was  about  1.5- 
fold  higher  than  that  of  soybean.  This 
compares  to  a  difference  of  about  1.7- 
fold  when  expressed  per  unit  Ru- 
BPC'ase protein. 

These  data  are  internally  consistent 


when  the  difference  between  species  in 
the  proportion  of  RuBPC'ase  protein  to 
total  protein  is  taken  into  account.  We 
conclude  therefore  that  the  RuBPC'ase 
protein  of  soybean  is  apparently  less  ef- 
ficient as  a  catalyst  for  C02  fixation  un- 
der the  conditions  used  for  the  in  situ 
assay  than  that  of  spinach.  From  stud- 
ies of  the  RuBPC'ase  protein  of  leaves 
of  these  species,  we  were  able  to  account 
both  for  the  rates  of  C02  uptake  ob- 
served in  situ  and  for  the  difference  in 
the  apparent  efficiency  of  RuBPC'ase  in 
situ.  It  is  of  interest  that  a  comparable 
difference  in  the  efficiency  of  Ru- 
BPC'ase utilization  was  seen  when  net 
C02  fixation  by  intact  leaves  under  nor- 
mal environmental  conditions  (high 
light  in  normal  air  of  21%  02  and  330 
|xl/l  C02)  was  used  as  an  index  of  ac- 
tivity. We  can  be  less  certain,  however, 
that  RuBPC'ase  is  rate  limiting  under 
these  conditions. 

In  conclusion,  leaves  of  soybean  have 
a  lower  capacity  for  net  C02  fixation 
per  unit  leaf  nitrogen  under  compara- 
ble conditions  than  do  spinach  plants. 
This  difference  appears  to  be  accounted 
for  by  differences  in  the  catalytic  effi- 
ciency of  the  RuBPC'ase  protein  of  these 
species,  as  measured  both  in  vitro  and 
via  an  in  situ  assay.  Most  important, 
the  rates  of  whole-leaf  photosynthetic 
C02  fixation  under  RuBPC'ase-limited 
conditions  can  be  accounted  for  by 
quantitative  biochemical  measure- 
ments of  the  amount  and  kinetic  prop- 
erties of  RuBPC'ase  of  these  two  species. 
Insufficient  molecular  or  genetic  data 
exist  at  this  time  to  attempt  to  ascer- 
tain the  structure-function  relation- 
ships between  the  two  RuBPC'ase 
proteins.  However,  our  results  provide 
a  basis  for  research  aimed  at  improving 
the  kinetic  efficiency  of  RuBPC'ase,  the 
most  abundant  gene  product  of  plants, 
via  selection  and/or  genetic  engineer- 
ing. 
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RuBP  CARBOXYLASE  IN  CARBOXYSOMES  OF  BLUE 

GREEN  ALGAE 

John  R.  Coleman,  Jeffrey  R.  Seemann,  and  Joseph  A.  Berry 


Photosynthetic  carbon  fixation  in  the 
blue-green  algae  (cyanobacteria)  is  es- 
sentially similar  to  that  found  in  C3 
higher  plants  (Coleman  and  Colman, 
1981a)  and  is  mediated  by  the  enzyme 
ribulose-l,5-bisphosphate  carboxylase/ 
oxygenase  (RuBPC'ase,  EC4.1.1.39).  In 
contrast  to  C3  plants,  however,  these 
organisms  possess  an  active  transport 
mechanism  which  accumulates  inor- 
ganic carbon  within  the  cells  to  a  con- 
centration manyfold  higher  than  in  the 
surrounding  medium  (Year  Book  77, 
251-261;  Kaplan  et  al,  1980;  Miller  and 
Colman,  1980).  The  active  transport  of 
inorganic  carbon  appears  to  explain  the 
ability  of  these  algae  both  to  fix  C02  at 
high  rates  when  external  C02  concen- 
trations are  very  low  and  to  reduce  or 
eliminate  photorespiration  at  ambient 
levels  of  oxygen  (Birmingham  et  al., 
1981;  Coleman  and  Colman,  1981b). 

Although  the  general  concept  of  the 
C02  concentrating  process  is  well  es- 
tablished, details  of  the  actual  mecha- 
nism of  inorganic  carbon  transport  are 
not  yet  known.  Of  particular  interest  is 
the  possible  role  of  intracellular  orga- 
nization in  the  process  of  C02  fixation. 
In  a  manner  analogous  to  C4  higher 
plants,  these  small  unicellular  organ- 
isms are  apparently  capable  of  favora- 
bly modifying  the  gaseous  composition 


of  their  interiors.  However,  these  algae 
accomplish  this  phenomenon  without 
the  benefit  of  the  concerted  operation 
of  the  two  cell  types  found  in  C4  plants. 
An  interesting  feature  that  may  be 
related  to  the  efficient  use  of  the  ac- 
tively transported  bicarbonate  and 
which  seems  to  distinguish  some  blue- 
green  algae  from  higher  plants  con- 
cerns the  intracellular  localization  of 
RuBPC'ase.  In  higher  plants,  most  of 
this  enzyme  is  dissolved  in  the  stroma 
of  the  chloroplast,  while  in  at  least  some 
blue-green  algae  a  portion  of  the 
RuBPC'ase  has  been  found  to  be  local- 
ized in  paracrystalline,  polyhedral  bod- 
ies. These  large  structures  (0.1-0.7  |xm), 
which  exhibit  RuBPC'ase  activity  and 
react  with  RuBPC'ase  antiserum,  have 
been  examined  in  detail  in  only  a  few 
species  (Codd  and  Stewart,  1976;  Lan- 
aras  and  Codd,  1981).  They  appear  to 
be  similar  to  RuBPC'ase-containing 
microbodies  found  in  other  C02-fixing 
procaryotes  (Beudeker  et  al.,  1980;  Pu- 
rohit  et  al.,  1976)  and  have  been  called 
"carboxysomes"  (Shively  et  al.,  1973). 
Previous  reports  concerning  blue-green 
algae  have  indicated  that  only  a  portion 
of  the  total  carboxylase  was  particulate 
(20-60%)  and  that  two  pools  of  the  en- 
zyme exist,  a  soluble  and  a  carboxyso- 
mal  fraction  (Codd  and  Stewart,  1976; 


84 


CARNEGIE     INSTITUTION 


Lanaras  and  Codd,  1981).  Lysis  of  the 
algal  cells  in  these  studies,  however, 
was  achieved  by  mechanical  means, 
which  may  have  led  to  breakage  of  the 
fragile  carboxysomes,  release  of  Ru- 
BPC'ase,  and  a  subsequent  increase  in 
activity  of  the  soluble  enzyme  relative 
to  the  particulate  form.  The  presence  of 
a  large  proportion  of  the  total  Ru- 
BPC'ase  activity  in  the  carboxysome 
would  make  it  much  more  difficult  to 
dismiss  these  structures  as  simple  pro- 
tein storage  bodies. 

In  this  paper,  we  report  studies  of  the 
localization  of  RuBPC'ase  in  the  car- 
boxysomes, using  isolation  techniques 
and  stabilization  procedures  which 
maintain  the  structural  integrity  of 
these  paracrystalline  bodies.  We  also 
report  here  some  preliminary  studies  of 
the  kinetic  characteristics  of  Ru- 
BPC'ase as  it  occurs  with  intact  car- 
boxysome preparations.  The  localization 
of  RuBPC'ase  into  carboxysomes  ap- 
pears to  have  an  effect  on  the  efficiency 
of  C02  fixation  and  may  be  an  impor- 
tant morphological  adaptation  for  the 
effective  use  of  the  intracellular  inor- 
ganic carbon  pool  produced  by  active 
bicarbonate  transport. 

Materials  and  Methods 

All  algal  cultures  were  obtained  from 
the  University  of  Texas  Algal  Collec- 
tion, Austin,  and  grown  axenically  at 
air  levels  of  C02  in  medium  C  as  de- 
scribed by  Kratz  and  Myers  (1955).  Cells 
were  harvested  in  mid-exponential 
growth  phase,  washed  once,  and  resus- 
pended  in  30  raM  potassium  phosphate 
buffer,  pH  7.0,  containing  0.55  M  sor- 
bitol and  1  mg  ml " l  lysozyme.  After  a 
2-3  h  dark  incubation  period  at  35°C, 
the  spheroplasts  were  pelleted,  washed 
with  osmoticum,  and  gently  resus- 
pended  in  20  mM  HEPES  buffer,  pH 
7.5,  containing  20  mM  MgCl2,  30  mM 
NaHC03,  5  mM  DTT,  1  mM  EDTA,  and 
0.5  mM  phenylmethylsulfonylfluoride 
(PMSF).  After  a  5-10  min  equilibration 
period  on  ice,  the  lysed  spheroplast  sus- 


pension was  centrifuged  at  12,000g  for 
10  min,  and  the  pellet  containing  the 
particulate  carboxylase  was  resus- 
pended  in  a  volume  of  the  buffer  de- 
scribed above. 

Further  fractionation  of  the  pellet  was 
achieved  by  density-gradient  centrifu- 
gation.  The  cells  were  placed  on  top  of 
a  0.2-0.8  M  sucrose  linear  gradient 
overlying  separate  40%  and  60%  su- 
crose layers.  The  gradient  was  centri- 
fuged at  5,000#  for  5  min,  and  fractions 
of  the  0.2—0.8  M  sucrose  gradient  were 
removed  and  assayed  for  RuBPC'ase  ac- 
tivity. Fractions  having  high  levels  of 
RuBPC'ase  activity  were  then  fixed, 
stained,  and  examined  by  electron  mi- 
croscopy. 

In  separate  experiments  wherein  high 
concentrations  of  soluble  RuBPC'ase 
were  required,  the  spheroplasts  were 
resuspended  in  Mg  +  2-free  buffer  and 
passed  twice  through  a  pre-chilled 
French  press  (110  MPa)  before  centrif- 
ugation.  The  soluble  carboxylase  in  the 
supernatant  fraction  was  concentrated 
by  (NH4)2S04  precipitation  (35-60%) 
and  desalted  before  use  by  gel  filtration 
on  a  Sephadex  G-25  column. 

Kinetic  studies  of  RuBPC'ase  in  ei- 
ther the  particulate  or  soluble  form  were 
performed  essentially  as  described  by 
Badger  (1980)  (for  details,  see  Fig.  49). 
RuBPC'ase  concentration  in  both  par- 
ticulate and  soluble  enzyme  prepara- 
tions was  determined  by  the  radio- 
precipitation  technique  of  Collatz  et  al. 
{Year  Book  78,  171-175).  Although  we 
have  not  determined  the  absolute  spec- 
ificity of  this  technique  for  the  blue- 
green  algal  enzyme,  the  concentration 
of  RuBPC'ase  did  respond  linearly  to 
RuBPC'ase  activity. 

Results  and  Discussion 

Lysozyme  treatment  of  Coccochloris 
peniocystis  followed  by  gentle  osmoti- 
cally  induced  lysis  has  revealed  that 
most  090%)  of  the  total  RuBPC'ase  ac- 
tivity is  found  in  the  pellet  after  low- 
speed  centrifugation  (Table   12).  Me- 
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TABLE  12.  Survey  of  Partitioning  of  RuBP  Carboxylase  Activity  in  Several  Species  of  Blue-Green 

Algae  (Cyanobacteria) 

%RuBP  Carboxylase  Activity 


Species 


Soluble 


Particulate 


Anabaena  cylindrica 
Anabaena  variabilis 
Plectonema  boryanum 
Oscillatoria  tenuis 
Phormidium  sp. 
Coccochloris  peniocystis 
Anacystis  nidulans 
Synechococcus  cedrorum 
Synechococcus  leopoliensis 
Gleocapsa  alpicola 


UTEX629 

10.4 

UTEX377 

7.9 

UTEX581 

8.9 

UTEX1566 

9.4 

UTEX1540 

6.9 

UTEX6307 

6.6 

UTEX6301 

15.7 

UTEX1191 

13.5 

UTEX625 

9.8 

UTEX1598 

14.3 

89.6 
92.1 

91.1 
90.6 
93.1 
93.4 
84.3 
86.5 
90.2 
85.7 


chanical  lysis  of  the  spheroplasts  or  of 
whole  cells  resulted  in  a  significant  de- 
crease in  the  amount  of  particulate  en- 
zyme and  an  increase  in  the  soluble 
enzyme  (data  not  shown).  This  result 
suggests  that  mechanical  techniques  of 
cell  disruption  also  result  in  lysis  of  the 
carboxysomes  and  release  of  Ru- 
BPC'ase. 

The  isolation  and  stability  of  the  par- 
ticulate enzyme  from  Coccochloris  was 
also  dependent  upon  the  Mg  +  2  concen- 
tration of  the  buffer  used  during  the 
lysis  of  the  spheroplasts  (Fig.  48).  The 
exclusion  of  MgCl2  results  in  the  solu- 
bilization of  more  than  44%  of  the  en- 
zyme, whereas  at  a  concentration  of  10 


100 


Particulate 


Soluble 


10  20 

MgCl2,  mM 


30 


Fig.  48.  Effect  of  MgCl2  concentration  during 
spheroplast  lysis  on  the  relative  activities  of  par- 
ticulate and  soluble  RuBPC'ase. 


O 

Oh 


Particulate 


20 

HCO3-,  mM 

Fig.  49.  (a)  Carboxysome  RuBPC'ase  and 
(b)  soluble  RuBPC'ase  activity  versus  HC03  con- 
centration  at  varying  02  concentrations.  Assays 
were  performed  in  septum-capped  vials  contain- 
ing 100  mM  HEPES  pH  7.5,  30  mM  MgCl2,  5  mM 
DTT,  1  mM  EDTA,  0.5  mM  RuBP,  and  varying 
concentrations  of  NaH14C03  (S.A.  =  0.8  u.C, 
(xmol  ').  Vials  and  contents  were  flushed  with 
the  appropriate  C02-free  gas  mixture  before  the 
addition  of  NaH14C03.  Assays  were  initiated  by 
the  addition  of  10  fxl  of  activated  enzyme  and 
stopped  after  1  min  at  25°C  by  the  addition  of 
100  (xl  of  6N  formic  acid.  Gas  mixtures  used  were 
C02-free  N2  (closed  circles),  air  (open  circles),  or 
02  (triangles). 
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mM,  less  than  15%  of  the  enzyme  was 
found  in  the  soluble  form.  The  addition 
of  MgCl2  to  the  solubilized  enzyme  after 
(NH4)2S04  precipitation  did  not  result 
in  the  reaggregation  of  the  enzyme  (data 
not  shown).  Isolated  carboxysomes  con- 
tinuously released  soluble  RuBPC'ase 
at  a  slow  rate  (t1/2  =  2-3  h).  This  re- 
lease was  accelerated  by  buffers  of  high 
ionic  strength  (>0.1  M),  as  was  used, 
for  example,  during  the  assay  of  Ru- 
BPC'ase activity. 

The  data  suggest  that  most  of  the 
RuBPC'ase  in  Coccochloris  is  found  in 
an  aggregate  state  in  vivo.  Electron  mi- 
croscopic analysis  of  density-gradient 
fractions  containing  RuBPC'ase  activ- 
ity revealed  the  presence  of  large, 
densely  stained,  polyhedral  bodies  sim- 
ilar to  those  observed  in  whole  cells;  we 
concluded  that  these  were  carboxy- 
somes. 

Studies  of  the  proportion  of  soluble 
and  particulate  RuBPC'ase  after  os- 
motically  induced  lysis  of  a  wide  range 
of  blue-green  algal  species  has  revealed 
a  similar  pattern  of  RuBPC'ase  activity 
to  that  described  for  Coccochloris  (Ta- 
ble 12).  When  osmotically  lysed  in  the 
presence  of  10-15  mM  MgCl2,  the  bulk 
of  the  enzyme  activity  (>84%  in  all  spe- 
cies examined)  was  found  to  be  partic- 
ulate. The  data  suggest  not  only  that 
the  carboxysomes  contain  most  of  the 
RuBPC'ase  activity  in  vivo,  but  that  this 
structural  organization  of  RuBPC'ase 
is  common  within  the  blue-green  algae. 
Thus,  these  structures  must  be  the  site 
of  RuBPC'ase  activity  in  vivo. 

This  unusual  compartmentation  of 
RuBPC'ase  in  blue-green  algae  may 
have  some  impact  on  the  efficiency  of 
C02  fixation.  Therefore,  we  attempted 


to  contrast  the  kinetic  properties  of  the 
particulate  form  of  the  enzyme  with 
those  of  the  solubilized  form.  An  anal- 
ysis of  the  kinetics  of  carbon  fixation  at 
three  different  02  concentrations  indi- 
cates that  the  intact  carboxysomes  from 
Coccochloris  were  less  susceptible  than 
the  solubilized  enzyme  to  oxygen  in- 
hibition of  C02  fixation. 

In  Fig.  49,  the  rate  of  carbon  assim- 
ilation at  varying  NaHC03  concentra- 
tions and  under  N2,  air,  and  100%  levels 
of  02  are  compared  for  the  two  enzyme 
forms.  Little  or  no  inhibition  of  C02  fix- 
ation by  the  carboxysome  form  of  the 
enzyme  by  oxygen  was  observed;  this 
result  is  confirmed  by  the  similarity  of 
the  calculated  Km(C02)  at  the  three  02 
concentrations  (Fig.  49a;  Table  13).  The 
oxygen  inhibition  that  did  occur  seemed 
to  be  the  result  of  the  gradual  solubil- 
ization of  the  isolated  carboxysomes 
(data  not  shown). 

The  response  of  the  solubilized  en- 
zyme to  varying  02  concentrations  (Fig. 
49b;  Table  13)  was  similar  to  that  ob- 
served by  previous  workers  (Andrews 
and  Abel,  1981;  Badger,  1980).  Signif- 
icant inhibition  of  carbon  fixation  oc- 
curred at  21%  and  100%  02,  and  the 
degree  of  inhibition  changed  inversely 
with  NaHC03  concentration.  The  low 
sensitivity  to  02  inhibition  observed  with 
the  carboxysomal  form  of  RuBPC'ase  is 
apparently  a  feature  of  its  structural 
organization,  since  a  normal  effect  of 
02  was  observed  with  RuBPC'ase  sol- 
ubilized from  the  carboxysomes.  The 
Km(C02)  of  the  enzyme  was  similar  in 
the  two  forms  under  N2,  but  that  in  the 
carboxysomal  form  was  not  affected  by 
increased  02.  While  the  apparent  kcat 
reported  (Table  13)  were  similar  for  the 


TABLE  13. 

Kinetic  Propert 

ies  of  Particulate  (Carboxysome)  and  Soluble  RuBP  Carboxylase  from 
Coccochloris  peniocystis 

Km(C02),  \jM 

kcat.S-1 

N2 

Air 

02                     N2 

Air 

o2 

Particulate 
Soluble 

229  ±36 
244  ±31 

260  ±  48 
354  ±34 

205  ±23           34.4  ±1.5 
487  ±53           36.7  ±0.9 

35.7  ±2.3 
38.2±1.1 

33.3  ±1.8 
32.7±1.3 
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two  forms,  some  variability  in  the  de- 
termination of  the  specific  activity  of 
the  enzyme  preparations  was  encoun- 
tered, and  more  data  are  necessary  to 
compare  the  specific  activity  of  partic- 
ulate and  soluble  forms  of  the  enzyme. 
Our  estimates  of  the  enzymes'  specific 
activity,  however,  are  similar  to  those 
previously  reported  in  the  literature 
(Andrews  and  Abel,  1981;  Badger,  1980). 
The  basis  for  the  reduced  oxygen  sen- 
sitivity of  C02  fixation  by  the  particu- 
late form  of  the  enzyme  when  compared 
to  the  solubilized  enzyme  is  presently 
unknown.  It  is  possible  that  the  02  con- 
centration within  the  carboxysomes  is 
somehow  lower  than  that  in  solution. 
Carboxysomes  in  other  procaryotes  are 
surrounded  by  a  thin,  protein  mono- 
layer (Shively  et  al.,  1973),  and  similar 
structures  are  known  to  encapsulate  gas 
vacuoles  in  cyanobacteria  (Jones  and 
Jost,  1971).  The  monolayer  surround- 
ing the  gas  vacuole  is  thought  to  in- 
crease the  resistance  of  diffusion  of 
entrapped  air  out  of  the  structure  and 
thus  maintain  algal  buoyancy.  This 
limiting  monolayer,  if  present  around 
blue-green  algal  carboxysomes,  might 
be  able  to  impede  the  diffusion  of  gases 
into  or  out  of  the  enzyme  aggregate. 
The  site  or  mechanism  of  dehydration 
of  HCO3"  in  blue-green  algae  has  not 
been  resolved  (see  Year  Book  77,  251- 
258;  Kaplan  et  al,  1980).  Ionic  sub- 
stances such  as  RuBP  can  apparently 
enter  the  carboxysomes,  and  if  the  C02 
used  in  the  RuBPC'ase  reaction  could 
be  produced  internally,  inorganic  car- 
bon could  enter  the  carboxysomes  as 
HCOc j\  If  diffusion  of  C02  out  of  and 
02  into  the  carboxysomes  is  impeded  by 
the  encapsulating  monolayer,  a  gas- 
eous environment  could  be  maintained 


that  would  be  more  favorable  for  C02 
fixation.  Furthermore,  diffusion  out  of 
the  alga  would  be  reduced.  Such  a 
mechanism  would  be  particularly  ef- 
fective in  an  organism  capable  of  form- 
ing a  large  intracellular  inorganic 
carbon  pool  by  the  active  transport  of 
bicarbonate.  The  results  of  our  exami- 
nation of  the  kinetics  of  C02  fixation 
by  the  two  enzyme  forms  are  consistent 
with  this  hypothesis  of  carboxysome 
function. 
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THE   CtICs  RATIO:*  A  BASIS  FOR  PREDICTING  STOMATAL 
CONTROL  OF  PHOTOSYNTHESIS 

J.  Timothy  Ball  and  Joseph  A.  Berry 


The  conflicting  roles  of  regulating 
water  loss  while  at  the  same  time  per- 
mitting C02  uptake  require  that  the 
stomata  of  a  leaf  respond  to  changing 
environmental  conditions  with  great 
subtlety,  almost  with  intelligence. 
Cowan  and  Farquhar  (1977)  developed 
a  mathematical  statement  of  an  opti- 
mum behavior  for  stomata.  This  treat- 
ment can  be  used  to  predict,  given 
certain  assumptions,  how  stomata  of  a 
leaf  should  respond  during  a  daily  cy- 
cle. Such  predictions  have  been  used  to 
show  that  the  actual  measured  re- 
sponses of  stomata  are  indeed  rather 
close  to  optimal  (Williams,  1981;  Field 
etal.,  1982;  Farquhar  et  al.,  1980b;  Hall 
and  Schulze,  1980;  for  a  review  see 
Cowan,  1982).  The  physiological  mech- 
anisms governing  these  responses  are 
not  yet  fully  understood. 

We  report  here  some  studies  aimed 
at  developing  an  experimental  basis  for 
predicting  stomatal  responses.  Our  ap- 
proach is  based  upon  the  work  of  Wong 
and  co-workers  (Wong  et  al,  1978,  1979; 
Wong,  1979),  who  show  that  photosyn- 
thetic  activity  of  a  leaf  is  itself  a  factor 
controlling  the  stomatal  conductance  of 
that  leaf.  They  also  show  that  this  level 
of  control  interacts  with  other  re- 
sponses of  stomata,  such  as  the  re- 
sponse to  atmospheric  humidity,  that 
are  not  specifically  linked  to  photosyn- 
thesis. 

For  the  purpose  of  this  work,  we  have 
made  the  assumption  that  those  re- 
sponses of  stomata  that  are  linked  di- 
rectly to  photosynthesis  may  be 
mediated  by  the  C02  concentration  in 
the  vicinity  of  the  leaf  epidermis.  Data 
of  Wong  et  al.  (1979)  and  Wong  (1979) 
show  that  the  C02  concentration  of  the 

*The  symbol  C,  is  used  to  denote  the  concen- 
tration of  C02  in  the  intercellular  air  spaces,  and 
Cs  is  used  to  denote  the  C02  concentration  at  the 
surface  of  the  leaf  epidermis. 


intercellular  air  spaces  (C,)  is  remark- 
ably constant  for  leaves  of  the  same 
species  having  quite  different  photo- 
synthetic  rates.  A  feedback  mechanism 
that  could  adjust  stomatal  conductance 
to  keep  Cj  constant  has  often  been  con- 
sidered to  be  a  likely  mechanism  for  the 
apparent  control  by  photosynthesis  on 
stomatal  conductance.  However,  efforts 
to  demonstrate  such  control  by  subject- 
ing a  leaf  to  changes  in  external  C02 
concentration  generally  do  not  result  in 
a  response  sufficient  to  keep  Ct  constant 
(see  Wong  et  al,  1978),  and  thus  the 
importance  of  such  a  mechanism  has 
been  downplayed. 

An  alternative  possibility,  which  has 
not  received  much  attention,  is  that  the 
concentration  gradient  that  develops 
across  the  leaf  epidermis,  or  the  ratio 
of  the  C02  concentrations  inside  and 
outside  the  leaf,  might  be  sensed  and 
controlled.  Reexamination  of  data  of 
Wong  et  al.  (1978),  unpublished  data  of 
our  own,  and  data  of  R.  W.  Pearcy  in- 
dicate that  the  ratio  of  the  C02  concen- 
tration of  the  intercellular  air  spaces, 
C„  to  that  of  the  ambient  air,  Ca,  is 
remarkably  constant.  (If  we  consider  the 
environment  of  the  stomata,  then  the 
concentration  of  C02  at  the  surface  of 
the  leaf  epidermis,  Cs,  rather  than  Ca, 
is  the  most  relevant  parameter.  In  a 
well-stirred  leaf  chamber,  Cs  differs  only 
slightly  from  Ca,  but  under  natural  con- 
ditions where  the  resistance  of  the 
boundary  layer  can  be  significant,  there 
may  be  a  considerable  difference  be- 
tween Cs  and  Ca.)  If  we  consider  a  mech- 
anism which  controls  the  CyCs  ratio, 
this  would  explain  the  changes  in  C, 
observed  by  Wong  et  al.  ( 1978)  when  Cs 
is  varied,  and  control  of  the  CJCS  ratio 
would  result  in  effective  control  of  C„ 
provided  Cs  is  constant  (as  is  normally 
the  case,  c.f.  Wong,  1979).  While  no 
mechanism  which  might  sense  or  con- 
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trol  this  ratio  has  yet  been  described, 
the  experimental  data  are  consistent 
with  such  a  hypothetical  mechanism. 

Assuming  that  such  a  mechanism  may 
operate,  we  then  asked  how  this  control 
interacts  with  controls  on  stomatal  con- 
ductance imposed  by  changing  the  leaf- 
air  humidity  gradient.  These  studies 
lead  to  the  conclusion  that  a  given  rel- 
ative-humidity gradient  appears  to  have 
a  predictable  influence  on  the  Ct/Cs  ra- 
tio independent  of  the  actual  photo- 
synthetic  rate  of  the  leaf.  These  rela- 
tionships permit  direct  estimates  of  the 
impact  of  environmentally  induced 
changes  in  stomatal  conductance  on  the 
concentration  of  C02  available  to  the 
leafs  mesophyll  cells. 

Materials  and  Methods 

Plants  of  Geraea  canescens  and  Per- 
ityle  emoryii  were  grown  in  phytocells 
at  25/15°C  day/night  temperature  with 
supplemental  illumination  from  metal- 
arc  lamps.  Gas-exchange  measure- 
ments were  conducted  with  single  at- 
tached leaves  using  a  gas-exchange 
system  similar  to  that  described  by  Field 
et  al.,  1982.  This  system  was  operated 
such  that  C02  uptake  from  the  air  in 
the  ventilated  chamber  was  exactly  re- 
plenished by  a  metered  flow  of  1%  C02 
in  N2.  The  humidity  within  the  cham- 
ber could  then  be  controlled  without  af- 
fecting its  C02  concentration  by 
adjusting  a  metered  flow  of  dry  air.  In 
practice,  humidity  responses  were  stud- 
ied using  stepwise  increases  in  air  flow 
rate,  which  led  to  corresponding  in- 
creases on  the  leaf-air  humidity  gra- 
dient. Net  C02  uptake  and  transpiration 
were  calculated  using  equations  given 
in  Field  et  al.  (1982).  Leaf  conductance 
to  C02  and  the  intercellular  concentra- 
tion of  C02  (C;)  were  calculated  taking 
into  account  the  mass  flow  of  water  va- 
por out  of  the  leaf,  as  described  by  von 
Caemmerer  and  Farquhar  (1981).  The 
concentrations  of  C02  and  water  vapor 
at  the  leaf  surface  (Cs  and  Ws)  were  cal- 
culated from  measurements  of  the 


boundary-layer  conductance  of  filter 
paper  replicas  of  leaves  in  the  chamber. 
The  air-flow  pattern  in  the  chamber  was 
adjusted  such  that  the  conductance  of 
the  upper  and  lower  surfaces  were  equal. 
Typically,  this  was  about  3.1  mol  m-2 
s " x  for  each  side  of  the  leaf.  The  dif- 
fusivity  of  water  vapor  relative  to  C02 
in  the  boundary  layer  was  taken  as  1.37 
(Cowan,  1972).  The  C02  concentration 
of  the  ambient  air  was  held  constant  at 
330  |xmol/mol  during  humidity  re- 
sponse experiments.  As  a  control,  we 
checked  to  see  that  the  values  of  net 
C02  uptake  and  Cl  obtained  from  the 
humidity  response  studies  fell  on  a  re- 
sponse curve  of  net  C02  uptake  versus 
Ct  determined  with  the  same  leaf  by 
varying  Cs. 

Results  and  Discussion 

Results  of  studies  with  a  single  at- 
tached leaf  of  Geraea  canescens  in  which 
stomatal  conductance,  the  CyCs  ratio, 
and  net  assimilation  were  monitored  as 
the  light  intensity  changed  are  shown 
in  Fig.  50.  In  these  experiments,  care 
was  taken  to  ensure  that  these  param- 
eters reached  a  stable  value  at  each  light 
intensity  and  that  other  factors,  such 
as  ambient  C02  concentration,  humid- 
ity of  the  air,  and  leaf  temperature  were 
held  constant.  Net  assimilation  of  C02 
by  this  leaf  became  saturated  at  a  pho- 
ton fluence  area  density  (PFAD)  of  about 
1000  |xmol  m~2  s"1.  The  steady-state 
intercellular  C02  concentration,  C„  was 
slightly  above  Ca  in  the  dark,  as  res- 
pired C02  was  diffusing  out  of  the  leaf 
and  the  CyCs  ratio  was  approximately 
1.  At  a  photon  fluence  area  density  of 
about  400  |xmol  m"2  s"1,  the  net  C02 
assimilation  was  about  50%  of  its  max- 
imum rate,  and  the  Ct/Cs  ratio  had 
reached  a  stable  value.  At  higher  light 
intensity,  Ct/Cs  was  roughly  constant 
even  though  there  was  a  substantial  in- 
crease in  the  rate  of  net  C02  assimi- 
lation with  this  increase  in  light 
intensity.  Parallel  changes  in  stomatal 
conductance  and  C02  uptake  occurred 
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Fig.  50.  The  responses  of  stomatal  conductance,  net  C02  uptake,  and  the  CJCS  ratio  to  photon 
fluence  area  density  (PFAD)  for  a  single  attached  leaf  of  Geraea  canescens.  The  leaf  temperature, 
ambient  C02  concentration,  and  leaf-air  humidity  gradient  were  held  constant  at  20°C,  330  u.mol/ 
mol,  and  5  mmol/mol,  respectively,  during  the  course  of  the  experiment. 


over  this  range.  Other  leaves  of  the  same 
species  and  leaves  of  other  C3  plants 
had  similar  ratios  of  CtICs  when  mea- 
sured under  these  conditions.  The  de- 
viation of  the  Ct/Cs  ratio  from  the 
apparent  control  value  at  low  photon 
fluence  area  densities  is  significant,  but 
effects  of  such  deviations  on  the  total 
integrated  C02  uptake  and  water  loss 
of  leaves  of  G.  canescens  in  their  native 
desert  habitat  would  be  expected  to  be 
rather  small  because  these  intensities 
are  normally  confined  to  the  early 
morning  and  late  evening  hours.  We 
conclude,  therefore,  that  the  C(/Cs  ratio 
would  be  about  constant  over  most  of  a 
typical  day,  provided  that  other  factors, 
such  as  the  leaf-air  humidity  gradient, 
remain  constant. 

We  then  investigated  how  the  sto- 
matal response  of  G.  canescens  was  af- 
fected by  changes  in  the  atmospheric 
humidity  at  two  light  intensities,  cho- 
sen to  be  about  half-saturating  and  fully 


saturating  for  photosynthesis.  At  pho- 
ton fluence  area  densities  of  575  and 
2000  |xmol  m~2  s"1,  the  stomatal  con- 
ductance decreased  as  the  leaf-air  hu- 
midity gradient  (AW)  increased  (Fig.  51). 
These  responses  are  difficult  to  com- 
pare because  the  absolute  value  of  sto- 
matal conductance  and  the  net 
assimilation  rate  differed  at  the  two  light 
levels.  Recall,  however,  that  the  CyCs 
ratio  did  not  change  with  light  inten- 
sity at  constant  AW  (Fig.  50),  and  this 
is  also  shown  in  Fig.  52.  A  remarkable 
result  is  that  the  C:/Cs  ratio  is  about 
the  same  for  any  value  of  AW  at  these 
different  light  intensities  (Fig.  52).  Two 
separate  lines  can  be  drawn,  but  these 
lines  have  identical  slopes  and  differ 
only  slightly  in  intercept. 

This  analysis  seems  to  resolve  the 
complex  responses  of  stomatal  conduct- 
ance to  light  and  AW  (Fig.  51)  into  two 
components:  (1)  a  response  which  keeps 
CtICs  about  constant  with  changes  in 
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Fig.  51.  The  response  of  stomatal  conductance 
to  changes  in  the  leaf-air  humidity  gradient  (AW) 
at  two  different  light  intensities  for  a  single  at- 
tached leaf  of  Geraea  canescens.  Temperature  and 
ambient  C02  concentrations  were  as  in  Fig.  50. 


light  (and  as  a  consequence,  with 
changes  in  net  C02  fixation),  and  (2)  a 
response  to  AW  which  changes  CilCs  by 
a  similar  amount  for  each  increment  of 
AW  even  though  the  absolute  stomatal 
conductance  is  different.  This  result  has 
been  confirmed  with  other  leaves  of  this 
species  and  with  leaves  of  other  species. 
The  slope  and  intercept  of  a  given  spe- 
cies are  relatively  constant  but  differ 
among  species  (Fig.  53). 


\  8' 
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Fig.  52.  The  response  of  the  CJCS  ratio  to 
changes  in  the  leaf-air  humidity  gradient  (same 
experiment  as  Fig.  51). 
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Fig.  53.  Comparison  of  the  response  of  leaves 
of  Geraea  canescens  and  Perityle  emoryii  to  changes 
in  leaf-air  humidity  gradient. 


The  resolution  of  the  stomatal  re- 
sponses into  separate  components  ap- 
pears to  be  consistent  with  the 
hypothesis  that  there  are  two  levels  of 
stomatal  control.  The  mechanistic  im- 
plications of  this  dual  control  are  not 
yet  clear.  Much  more  work  is  required 
to  examine  these  possibilities. 

As  a  predictive  relationship  for  esti- 
mating the  effect  of  stomatal  responses 
on  the  net  C02  uptake  of  a  leaf,  this 
approach  permits  great  simplification. 
The  relationships  shown  here  (Figs.  52 
and  53)  can  be  used  to  predict  Ct  di- 
rectly from  environmental  conditions 
(Ca,  AW,  and  leaf  boundary  layer  con- 
ductance). The  response  of  net  C02  up- 
take to  C,  may  be  experimentally 
determined,  and  when  used  in  combi- 
nation with  the  relationships  presented 
here  that  link  C,  to  environmental  con- 
ditions, this  response  should  provide  a 
good  basis  for  predicting  the  impact  of 
stomatal  responses  on  net  C02  uptake 
by  the  intact  leaf.  Furthermore,  the  re- 
sponse of  net  C02  uptake  to  C,  under 
specified  conditions  can  be  predicted 
from  measurements  of  the  leaf's  bio- 
chemical characteristics  (Seemann  and 
Berry,  this  Report;  Farquhar  et  al., 
1980b;  von  Caemmerer  and  Farquhar, 
1981).  Thus,  expressions  for  the  sto- 
matal conductance  assumed  by  a  leaf 
can  be  linked,  at  least  empirically,  to 
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the  biochemical  characteristics  of  the 
leaf  and  to  the  environmental  condi- 
tions acting  upon  it. 

References 

Caemmerer  von,  S.,  and  G.  D.  Farquhar,  Planta, 
153,  376-387,  1981. 

Cowan,  I.  R.,  Agric.  Meterol,  10,  311-319,  1972. 

Cowan,  I.  R.,  in  Encyclopedia  of  Plant  Physiology , 
New  Series,  Vol.  12B,  589-613,  Springer,  Ber- 
lin, Heidelberg,  New  York,  1982. 

Cowan,  I.  R.,  and  G.  D.  Farquhar,  in  Integration 
of  Activity  in  The  Higher  Plant,  471-505,  Uni- 
versity Press,  Cambridge,  1977. 


Farquhar,  G.  D.,  E.-D.  Schulze,  and  M.  Kuppers, 
Aust.  J.  Plant  Physiol.,  315-327,  1980a. 

Farquhar,  G.  D.,  S.  von  Caemmerer,  and  J.  A. 
Berry,  Planta,  149,  78-90,  1980b. 

Field,  C.,  J.  A.  Berry,  and  H.  A.  Mooney,  Plant, 
Cell  and  Environ.,  5,  179-186,  1982. 

Hall,  A.  E.,  and  E.-D.  Schulze,  Plant,  Cell  and 
Environ.,  3,  467-474,  1980. 

Williams,  W.  A.,  Ph.D.  Thesis,  Stanford  Univer- 
sity, 1981. 

Wong,  S.  C,  Ph.D.  Thesis,  Australian  National 
University,  Canberra,  1979. 

Wong,  S.  C,  I.  R.  Cowan,  and  G.  D.  Farquhar, 
Plant  Physiol.,  62,  670-674,  1978. 

Wong,  S.  C,  I.  R.  Cowan,  and  G.  D.  Farquhar, 
Nature,  282,  424-426,  1979. 


EVIDENCE   FOR  APOMIXIS  IN  Atriplex  (Chenopodiaceae) 

Malcolm  A.  Nobs 


Apomixis  is  relatively  frequent 
throughout  the  angiosperms  (Gustaf- 
son,  1947,  lists  32  families  where  it  oc- 
curs) and  is  usually  associated  with 
polyploidy.  It  has  been  suspected,  though 
not  verified,  in  the  Chenopodiaceae  by 
Blau  et  al.  (1976).  These  workers  con- 
ducted a  series  of  intergeneric  hybrid- 
izations using  A  triplex  canescens  as  the 
female  parent  and  Ceratoides  lanata, 
Sarcobatus  vemiculatus,  and  Grayia 
spinosa  as  the  pollen  parents.  Viable 
seed  was  set  in  all  of  these  pollinations. 
Though  later  data  was  not  supplied,  they 
suggested  that  foreign  pollen  may  have 
stimulated  asexual  reproduction. 

A  hybridization  attempt  between  two 
dioecious  species  of  Atriplex  indicates 
that  this  assumption  may  be  correct.  A 
female  plant  of  A.  uesicaria,  a  tetraploid 
form  from  Alice  Springs,  Australia,  was 
isolated  and  pollinated  with  pollen  of 
A.  barclayana,  a  tetraploid  from  La  Paz, 
Baja  California,  Mexico.  A  total  of  45 
fruits  developed,  and  from  these,  35 
seedlings  were  obtained.  This  popula- 
tion was  uniform,  all  were  female,  and 


all  were  indistinguishable  from  the 
mother  A.  uesicaria. 

The  embryology  of  the  mother  plant 
has  not  been  studied;  however,  as  pol- 
lination is  necessary  for  fruit  set,  pseu- 
dogamous  apomixis,  as  in  Poa  (Hiesey 
and  Nobs,  1982),  is  suggested. 

A  series  of  eight  additional  popula- 
tions of  A.  uesicaria  from  Australia, 
covering  a  wide  geographical  range,  are 
in  culture.  These  should  clarify  the  ex- 
tent of  apomixis  in  this  highly  poly- 
morphic genus. 
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A  QUANTITATIVE  METHOD  FOR  MEASURING  THE 

CHANGE  IN  THE  PHYSICAL  STATE   OF  PROTOPLASM 

OCCURRING  DURING  THE  HARDENING  OF  CABBAGE 

PLANTS  TO  FREEZING  TEMPERATURES 

J.  Levitt 


During  the  hardening  (or  acclima- 
tion) of  plants  to  freezing  temperatures 
induced  by  exposure  to  chilling  tem- 
peratures (0-10°C)  at  low  illumination, 
several  physiological  changes  occur.  One 
of  them,  an  apparent  change  in  proto- 
plasmic viscosity,  is  physical.  The  dif- 
ferences observed,  however,  are  for  the 
most  part  qualitative.  An  early  attempt 
to  develop  a  quantitative  method  for 
measuring  this  change  was  only  par- 
tially successful  (Scarth  and  Levitt, 
1937).  At  least  partly  because  of  this 
lack  of  a  suitable  quantitative  method, 
no  progress  has  been  made  during  the 
past  forty  years  in  understanding  the 
nature  and  significance  of  this  proto- 
plasmic change.  The  purpose  of  this  in- 
vestigation was  to  develop  such  a 
method. 

Simple  plasmolysis  frequently  re- 
veals a  physical  difference;  for  the  un- 
hardened  and  therefore  freeze-tolerant 
plant  cell  tends  to  plasmolyze  con- 
cavely,  while  the  hardened  and  there- 
fore tolerant  one  tends  to  show  convex 
plasmolysis.  The  quantitative  method 
proposed  here  is  to  plasmolyze  the  cells 
strongly  enough  to  produce  concave 
plasmolysis  in  both  hardened  and  un- 


hardened  plants  and  then  to  determine 
the  time  required  for  these  irregularly 
shaped  protoplasts  to  become  uniformly 
convex  under  the  force  of  surface  ten- 
sion. 

In  the  case  of  cabbage  cells,  plasmo- 
lysis in  a  1.5  x  isotonic  solution  of  a 
nonpenetrating  solute  is  sufficient  to 
induce  concave  plasmolysis  in  both 
hardened  and  unhardened  plants.  In  the 
cells  of  the  hardened  plants,  however, 
a  shorter  time  was  sufficient  to  achieve 
the  convex  shape  (rounding-up  time) 
than  in  the  case  of  the  unhardened  plants 
(Table  14). 

It  should  be  noted  that  this  change 
parallels  two  other  changes  long  known 
to  occur  during  hardening  (see  Levitt, 
1980):  an  increase  in  cell-sap  concen- 
tration shown  by  the  drop  in  osmotic 
potential,  and  an  increase  in  the  rate 
of  deplasmolysis  in  a  solution  of  a  pen- 
etrating solute.  Therefore,  even  though 
the  plants  were  not  tested  for  freezing 
tolerance,  an  increase  must  have  oc- 
curred during  the  exposure  to  harden- 
ing environmental  conditions. 

It  must  be  emphasized  that  many  fac- 
tors may  affect  the  rounding-up  time; 
for  instance,  the  size  and  shape  of  the 


TABLE  14.  Effect  of  Hardening  of  Cabbage  Plants  on  Various  Parameters* 


Unhardened 

Hardened 

Plant 

No. 

Osmotic 

Potential 

(bar) 

Deplasmolysis 
Time  (min)t 

Rounding-up 
Time  (min)t 

Days 
Hardened 

Osmotic 

Potential 

(bar) 

Deplasmolysis 
Time  (min) 

Rounding- 
up  Time 
(min)$ 

1 
2 
3 

Average 

-9.6 
-9.6 
-9.9 

%  change 

27 
24 
31 

on  hardening 

46 
51 
63 

8 
11 
15 

-11.7 
-12.9 
-12.9 

29 

16 
17 
17 

37 

26 
32 
46 

34 

*At  +5°C,  continuous  weak  illumination. 

tDeplasmolysis  time  in  a  solution  of  a  penetrating  solute  (1.5  x  isotonic  thiourea). 

t  Rounding-up  time  in  a  plasmolysing  solution  of  a  nonpenetrating  solute  (1.5  x  isotonic  dextrose). 
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cells  may  change  with  plant  age  and 
with  leaf  growth  and  development. 
Therefore,  it  is  not  the  absolute  values 
that  are  important,  but  the  relative  val- 
ues in  the  same  or  nearly  identical  cells 
before  and  after  hardening.  This  is  why, 
in  each  case,  the  comparison  was  made 
between  cells  of  adjacent  petioles  on  the 
same  plant.  It  should  be  noted  that  the 
same  change  was  observed  whether  the 
chosen  hardened  petiole  was  directly 
above  (plant  no.  1)  or  directly  below 
(plant  no.  2)  the  unhardened  test  pe- 
tiole. 


With  this  quantitative  method,  it 
should  now  be  possible  to  determine 
whether  specific  treatments  (e.g.,  the 
application  of  specific  substances)  can 
alter  the  rounding-up  time  in  the  same 
way  as  by  normal  hardening  or  accli- 
mation. 
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EVOLUTIONARY  VARIATION  IN  TRANSCRIPTION  AND 
LOCATION  OF  CHLOROPLAST  GENES 

Jeffrey  D.  Palmer,  Helen  Edwards,  Richard  A.  Jorgensen,  and  William  F.  Thompson 


Our  investigations  over  the  past  two 
years  have  focused  on  evolutionary 
change  in  the  organization  of  the  an- 
giosperm  chloroplast  genome  ( Year  Book 
80,  82-85;  Palmer  and  Thompson,  1981, 
1982).  During  the  past  year,  our  inter- 
ests have  shifted  away  from  global 
studies  concerned  with  the  structure  of 
the  entire  chloroplast  genome  and  to- 
wards the  study  of  specific  chloroplast 
genes.  In  particular,  we  have  begun  to 
explore  the  question  of  evolutionary 
variation  in  transcription  and  location 
of  chloroplast  genes  among  flowering 
plants. 

Our  approach  in  these  studies  is  to 
utilize  cloned  chloroplast  DNA  restric- 
tion fragments  containing  3'  or  5'  ends 
or  internal  regions  of  specific  chloro- 
plast genes  as  hybridization  probes  in 
order  to  map  these  genes  and  study  their 
transcription  in  different  plants.  The  two 
genes  characterized  in  the  most  detail 
so  far  are  those  encoding  the  large  sub- 
unit  (LS)  of  ribulose-l,5-bisphosphate 
carboxylase  and  a  32,000-dalton  pho- 
tosystem  II  polypeptide  (P II)  which 
regulates  photosystem  II  electron 
transport  and  is  the  receptor  protein  for 
triazine  herbicides  (Matoo  et  al.,  1981). 


We  find  that  the  LS  and  P  II  genes  map 
to  the  same  5-kb  region  in  both  pea  and 
mung  bean  and  are  transcribed  from 
the  same  DNA  strand.  In  contrast,  pub- 
lished studies  indicate  that  the  two  genes 
are  approximately  50  kb  apart  and  are 
transcribed  off  opposite  DNA  strands  in 
five  other  chloroplast  genomes  (Link, 
1981;  Seyer  et  al.,  1981;  Palmer,  1982). 
These  differences  are  probably  the  con- 
sequence of  the  large,  approximately  50- 
kb  inversion  that  distinguishes  the  pea 
and  mung  bean  genomes  from  those  of 
most  other  angiosperms  (Palmer  and 
Thompson,  1982). 

Two  distinct  patterns  of  LS  gene 
transcripts  are  revealed  by  hybridizing 
an  LS  gene  probe  to  electrophoretically 
separated  RNA  from  19  angiosperms. 
In  most  species,  including  pea,  we  see 
only  the  single  transcript  of  approxi- 
mately 1.6  kb,  previously  observed  in 
corn,  spinach,  and  mustard.  However, 
in  mung  bean  and  other  members  of  the 
legume  genera  Vigna  and  Phaseolus, 
the  1.6-kb  transcript  represents  only  a 
minor  fraction  of  LS  transcripts;  in- 
stead, two  larger  LS  transcripts  of  ap- 
proximately 2.4  and  2.6  kb  predominate. 
These   differences   in   LS   gene   tran- 
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scripts  may  occur  as  the  result  of  any 
number  and  combination  of  base  sub- 
stitutions and/or  DNA  rearrangements 
in  or  near  the  LS  gene,  leading  to 
changes  in  transcription  initiation,  ter- 
mination, or  processing. 

The  P  II  gene  produces  a  single  tran- 
script in  pea  and  most  other  species  ex- 
amined, while  members  of  the  related 
legume  genera  Vigna,  Phaseolus,  and 
Glycine  contain  two  additional  tran- 
scripts which  are  smaller  in  size  and 
probably  represent  specific  RNA  break- 
down products.  A  single  species,  sweet 
pea  (Lathy rus  odoratus),  contains  a  sec- 
ond P  II  transcript,  which  is  0.2  kb  larger 
than  the  approximately  1.2-kb  tran- 
script found  in  all  species. 

These  changes  in  LS  and  P  II  tran- 
scription appear  to  be  the  consequence 
of  rare,  evolutionarily  and  developmen- 
tally  stable  mutations  which  can  be  used 
to  infer  phylogenetic  relationships 
among  different  angiosperms.  In  com- 
bination with  three  major  chloroplast 
DNA  rearrangements  previously  de- 
scribed (Palmer  and  Thompson,  1982), 
these  changes  can  be  incorporated  into 
a  chloroplast-based  molecular  phylo- 
geny  for  angiosperms  (Fig.  54).  This 
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Fig.  54.  Chloroplast  DNA  and  RNA  phylogeny 
of  angiosperms.  The  inverted  repeat  deletion  and 
two  inversions  represent  the  three  major  rear- 
rangements known  among  angiosperms  (Palmer 
and  Thompson,  1982),  while  the  LS  and  two  dif- 
ferent P  II  mutations  are  those  described  in  text. 


molecular  scheme  is  both  broadly  and 
specifically  consistent  with  notions  of 
angiosperm  and  legume  phylogeny.  (See 
Palmer  and  Thompson,  1982,  and  ref- 
erences therein.) 

Studies  have  also  been  initiated  on 
the  genes  for  the  alpha  and  beta  sub- 
units  of  the  chloroplast  coupling  factor. 
In  pea,  mung  bean,  and  several  other 
angiosperms,  the  coupling-factor  genes 
are  located  in  positions  predicted  by  the 
known  locations  of  the  same  genes  in 
spinach  (Westhoff  et  al.,  1981)  together 
with  our  knowledge  of  the  specific  DNA 
rearrangements  which  distinguish  the 
other  genomes  from  that  of  spinach 
(Palmer  and  Thompson,  1982).  Prelim- 
inary analysis  of  the  transcripts  pro- 
duced by  the  coupling-factor  genes  as 
well  as  several  chloroplast  genes  of  un- 
known function,  again  reveals  quite 
striking  evolutionary  variation  in  the 
number,  size,  and  quantitative  propor- 
tions of  their  RNAs. 

Thus,  it  appears  that  chloroplast  genes 
are  characterized  by  an  unusual  fluid- 
ity in  terms  of  the  types  of  transcripts 
which  they  produce  and  accumulate,  es- 
pecially when  compared  to  the  extreme 
conservatism  of  the  entire  chloroplast 
genome  in  both  structure  and  base  se- 
quence (see  Palmer  and  Thompson,  1982, 
and  references  therein).  In  the  coming 
year,  we  plan  to  characterize  the  pre- 
cise molecular  basis  for  some  of  these 
transcript  changes  and  to  examine  which 
of  the  various  RNA  species  observed  are 
actually  translated. 
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CHLOROPLAST  DNA  EVOLUTION  IN  Atriplex 

Jeffrey  D.  Palmer,  Bernardita  Osorio,  William  F.  Thompson,  and  Malcolm  A.  Nobs 


Analysis  of  chloroplast  DNA  varia- 
tion in  species  of  Lycopersicon  (Solan- 
aceae)  has  demonstrated  the  utility  of 
the  techniques  for  assessing  phyloge- 
netic  relationships  among  species  (Pal- 
mer and  Zamir,  1982).  A  similar  but 
more  extensive  survey  has  been  initi- 
ated in  the  genus  Atriplex  (Chenopo- 
diaceae)  using  the  same  techniques. 

Atriplex  is  a  genus  of  over  400  de- 
scribed species  and  has  representatives 
on  all  continents  except  Antarctica.  The 
centers  of  greatest  concentration  are  in 
western  North  America  (59  species),  the 
Mediterranean  and  Near  East  (42  spe- 
cies), Asia  (49  species),  South  America 
(79  species),  and  Australia  (59  species). 
The  genus  is  of  additional  interest  in 
that  it  contains  species  having  either 
C3  or  C4  pathways  of  photosynthesis. 

Preliminary  work  has  been  carried 
out  on  60  species:  22  from  western 
America,  33  from  Australia,  and  5  from 
Eurasia.  Only  6  of  these  are  C3  species; 
the  rest  possess  C4  photosynthesis.  We 
have  treated  chloroplast  DNA  from  these 
species  with  ten  different  restriction 
endonucleases — enzymes  which  recog- 
nize and  cleave  the  DNA  duplex  at  spe- 
cific six-base-pair  sequences.  The 
characteristic  set  of  fragments  gener- 
ated by  each  enzyme  is  resolved  by  aga- 
rose gel  electrophoresis  and  visualized 
by  UV-illumination  of  the  ethidium 
bromide-stained  gel. 

Species-specific  changes  in  the  frag- 
ment patterns  produced  by  a  given 
restriction  enzyme  are  usually  inter- 
pretable  as  the  consequence  of  either 
the  loss  or  gain  of  a  specific  restriction 
cleavage  site  and  are  generally  caused 
by  a  single  base-pair  substitution.  The 
phylogenetic  utility  of  this  type  of  chlo- 
roplast DNA  mutational  analysis  lies 
in  the  fact  that  many  restriction  site 
changes  are  shared  by  two  or  more  spe- 
cies and  can  be  used  to  infer  shared  ev- 
olutionary histories. 

Many  different  mutations  have  been 


found  which  lead  to  various  affinity 
groups  among  the  60  Atriplex  species 
examined.  Summation  of  these  group- 
ings according  to  principles  of  parsi- 
mony analysis  (Ferris  et  al.,  1981)  leads 
to  a  composite  phylogenetic  tree.  Con- 
sideration of  the  tree  allows  (1)  deter- 
mination of  relative  branching  orders 
among  the  species,  (2)  determination  of 
the  ancestral  chloroplast  genome  for  the 
group  under  study,  (3)  assignment  of  an 
evolutionary  direction  to  most  muta- 
tions, i.e.,  determination  of  which  group 
has  the  ancestral  fragment  pattern  and 
which  has  the  derived  pattern,  (4)  de- 
termination of  the  nature  and  incidence 
of  parallelisms,  and  (5)  calculation  of 
relative  divergence  distances  between 
the  different  chloroplast  DNA  lineages. 

Although  the  present  investigation  is 
far  from  complete,  both  in  terms  of 
number  of  restriction  enzymes  and 
number  of  species  to  be  surveyed,  sev- 
eral tentative  but  important  conclu- 
sions have  emerged.  First,  there  is  a 
remarkable  homogeneity  among  most 
Atriplex  chloroplast  genomes.  Sequence 
divergence  estimates  for  the  great  ma- 
jority of  C4  species  studied  are  less  than 
1%.  Only  in  comparisons  involving  the 
most  primitive  C3  species  (see  below) 
do  we  observe  divergence  values  of  even 
a  few  percent.  Thus,  the  Atriplex  chlo- 
roplast genome  appears  to  be  evolving 
significantly  more  slowly  than  single- 
copy  nuclear  DNA  sequences  from  the 
same  species  (Belford  and  Thompson, 
1981).  Moreover,  the  chloroplast  gen- 
ome appears  to  be  a  much  more  sensi- 
tive molecular  yardstick  than  the 
nuclear  genome  for  measuring  evolu- 
tionary distances  within  Atriplex.  The 
range  of  divergence  values  encountered 
in  an  equivalent  group  of  species  is  at 
least  tenfold  for  the  chloroplast  gen- 
ome, while  no  more  than  twofold  for  the 
nuclear  genome  (Belford  and  Thomp- 
son, 1981). 

A  central  issue  in  Atriplex  phylogeny 
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concerns  evolutionary  relationships  be- 
tween the  various  C4  and  C3  species  in 
the  genus.  Early  phylogenetic  propos- 
als based  on  morphology  suggest  that 
C4  photosynthesis  evolved  indepen- 
dently on  at  least  two  occasions  within 
the  genus  (Hall  and  Clements,  1923). 
Nuclear  single-copy  DNA  homologies 
do  not  implicate  a  polyphyletic  origin 
for  C4  photosynthesis,  but  do  suggest 
that  all  of  the  C3  and  C4  lineages  stud- 
ied may  have  originated  during  a  sin- 
gle, relatively  brief  period  of  rapid 
speciation  (Belford  and  Thompson, 
1981).  In  contrast,  chloroplast  DNA 
analysis  very  clearly  identifies  a  rela- 
tively distinct  and  differentiated  li- 
neage comprising  three  C3  species,  A. 
californica,  A.  spicata,  and  A.  phyllos- 
tegis,  all  endemic  to  North  America. 
Thus,  from  our  data  it  appears  that  C3 
photosynthesis  is  primitive  within  the 
genus,  a  conclusion  reached  by  Osmond 
et  al.  (1980),  and  consistent  with  the 
failure  to  obtain  hybrids  between  any 
of  these  three  C3  species  and  any  other 
Atriplex  species  {Year Book  75,  421-423, 
1976). 

Although  not  conclusive,  our  data  are 
consistent  with  a  single  origin  for  C4 
photosynthesis.  The  remaining  C3  spe- 
cies studied,  A.  triangularis,  A.  horten- 
sis,  and  A.  australasica,  show  relatively 
poor  differentiation  from  the  large 
number  of  C4  series  examined.  One  pos- 
sibility is  that  C4  photosynthesis  did  in- 
deed originate  only  once,  shortly  after 
the  divergence  of  the  triangularis  li- 
neage. Alternatively,  several  indepen- 
dent C4  lineages  may  have  arisen  near 
the  time  of  the  triangularis  divergence. 
Another  formal  possibility  is  that  the 
group  of  poorly  differentiated  C3  species 
may  have  resulted  from  the  secondary 


loss  of  C4  photosynthesis,  although  an- 
atomical considerations  make  this  ap- 
pear remote.  It  is  clear,  however,  that 
extensive  speciation  within  the  entire 
group  of  C4  species,  including  the  three 
poorly  differentiated  C3  species,  must 
have  occurred  well  after  the  divergence 
of  the  californica  lineage.  We  anticipate 
that  more  detailed  analysis,  using  more 
enzymes  and  including  more  species, 
should  allow  stronger  conclusions  as  to 
the  origin  of  C4  photosynthesis. 

Among  the  C4  species  examined,  two 
distinct  phylogenetic  groups  are  appar- 
ent, those  of  North  America  and  those 
of  Australia.  Within  these  large  groups, 
smaller  terminal  groups  share  various 
growth  or  flowering  habits.  Further 
analysis,  particularly  of  additional 
Eurasian,  South  American,  and  Afri- 
can species,  should  give  a  more  com- 
prehensive overview  of  biogeography  in 
the  genus  and  allow  critical  determi- 
nation of  the  extent  to  which  present- 
day  distributional  patterns  can  be  at- 
tributed either  to  continental  move- 
ments or  to  secondary  dispersal. 
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MODES  AND  TEMPOS  IN  THE  EVOLUTION  OF  NUCLEAR- 
ENCODED  RIBOSOMAL  RNA  GENES  IN  LEGUMES 

Richard  A.  Jorgensen,  Richard  E.  Cuellar,  and  William  F.  Thompson 


We  describe  here  some  aspects  of  DNA 
structure  and  evolution  that  were  un- 
covered by  restriction-enzyme  analysis 
of  nuclear  DNA  and  cloned  segments  of 
nuclear  DNA.  Because  DNA  is  the  rich- 
est and  most  unambigous  source  of  var- 
iability in  living  taxa,  fundamental 
information  on  its  evolution  has  direct 
applicability  to  problems  in  systemat- 
ics,  phylogeny,  and  evolutionary  ge- 
netics. 

The  ribosomal  RNA  (rRNA)  coding 
sequences  of  the  eucaryotic  nucleus  are 
well  known  to  be  among  nature's  most 
conserved  DNA  sequences  with  respect 
to  the  accumulation  of  base-pair  sub- 
stitutions. Yet,  because  of  their  location 
in  tandemly  repeating  segments  of  DNA, 
noncoding  regions  or  spacers  between 
the  rRNA  genes  display  extraordinary 
intraspecific  variability  (e.g.,  Coen,  et 
al.,  1982).  It  is  evident  then  that  the 
behavior  of  ribosomal  DNA  has  prac- 
tical implications  at  more  than  one  tax- 
onomic  level. 

Several  tools  have  aided  our  inves- 
tigation of  legume  rDNA  evolution:  (1) 
a  cloned  rDNA  repeat  unit  from  Pisum 
sativum,  (2)  a  detailed  physical  map  of 
restriction  enzyme  cleavage  sites  and 
rRNA  coding  sequences  in  that  clone 
(Cuellar,  Jorgensen,  and  Thompson,  in 
preparation),  and  (3)  Southern  blot 
analysis  of  the  rDNA  and/or  selected 
portions  of  the  rDNA  of  16  legume  spe- 
cies (four  Pisum  spp.,  five  Vicia  spp., 
one  each  of  Lathy rus,  Medicago,  Tri- 
folium,  Lupinus,  Wisteria,  Broom,  and 
Phaseolus)  as  well  as  twelve  accessions 
of  P.  sativum  and  four  of  V.  sativa.  (We 
thank  J.  D.  Palmer  for  gifts  of  several 
of  these  DNAs.)  Observations  made  from 
our  analysis  of  these  data  are  discussed 
below  and  illustrated  in  Fig.  55. 

(1)  The  length  of  the  basic  rDNA  re- 
peat unit  (7-13  kilobase  pairs  in  leg- 
umes) is  indeed  variable  within  the 


species  P.  sativum  and  V".  sativa.  Twelve 
accessions  from  a  worldwide  collection 
of  cultivated  peas  yielded  eleven  dis- 
tinct rDNA  patterns,  with  the  number 
of  repeat  unit-length  classes  varying 
from  two  to  six  or  more  in  single  plants. 
As  in  animal  rDNA,  this  length  vari- 
ation maps  predominantly  but  not  en- 
tirely to  the  nontranscribed  spacer  (NTS) 
region  of  pea  rDNA.  In  our  cloned  seg- 
ment of  pea  rDNA,  this  region  contains 
eight  copies  of  a  180-base-pair  (bp)  re- 
peat sequence,  each  repeat  being  de- 
fined by  one  Rsa  I,  one  Hpa  II,  and  two 
Hae  III  cleavage  sites.  Such  short  tan- 
dem repeats  (subrepeats)  in  the  NTS 
are  known  to  be  responsible  for  rDNA 
length  variation  in  animals  through 
changes  in  subrepeat  copy  number  per 
NTS  unit.  Ours  is  probably  the  first  di- 
rect demonstration  of  the  subrepeat 
structure  in  a  plant  and  reemphasizes 
the  conservative  nature  of  this  struc- 
tural feature  of  rDNA.  In  contrast  to 
the  conservatism  in  sequence  organi- 
zation, we  find  that,  as  in  animal  rDNA, 
the  nucleotide  sequence  of  subrepeats 
can  change  quite  rapidly,  since  the  pea 
subrepeat  does  not  hybridize  to  rDNA 
from  the  closely  related  Vicia  sativa  at 
standard  criterion. 

(2)  Only  part  of  the  NTS  region  in 
legumes  is  composed  of  repeats.  The  rest 
of  the  NTS  is  also  variable  in  length 
and  in  nucleotide  sequence,  but  prob- 
ably somewhat  less  so  than  the  subre- 
peat region.  Cleavage  sites  for  seven 
different  restriction  enzymes  are  found 
in  this  region  in  legumes,  but  only  in  a 
fraction  of  the  species  surveyed.  These 
sites  also  vary  among  species  within  the 
genera  Pisum  and  Vicia,  as  does  the 
overall  length  of  the  region.  Whether 
cleavage  site  gains  or  losses  result  from 
increases  or  decreases  in  the  amount  of 
NTS  DNA  cannot  be  determined  from 
our  data. 
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(3)  Within  the  rRNA  cistron,  length 
variation  is  much  less  frequent  than  in 
the  NTS  region.  All  length  variation 
detected  in  our  restriction  analyses  is 
confined  to  a  region  of  less  than  1000 
bp  containing  the  internal  transcribed 
spacer  (ITS)  region  between  the  17S  and 
25S  rRNA.  No  variation  of  this  kind 
was  detected  within  the  genera  Pisum 
and  Vicia.  However,  nearly  all  legume 
genera  surveyed  are  distinguishable  by 
the  length  of  this  region,  including  the 
closely  allied  genera  Pisum,  Lathyrus, 
and  Vicia  (tribe  Viceae).  The  frequency 
of  this  variability  is  intermediate  be- 
tween that  for  NTS  length  and  for  rRNA 
cistron  cleavage  sites. 

(4)  Restriction-site  mutations  within 
the  rRNA  cistron  itself  are  limited  to 
two  cleavage  sites  in  the  legumes  sur- 
veyed. One  site  appears  to  have  been 
mutated  twice  in  legume  evolution,  as 
Phaseolus  carries  the  same  site  loss  as 
does  one  of  the  species  in  the  tribe  Vi- 


ceae. Of  16  cleavage  sites  surveyed,  only 
two  mutations  separate  Pisum  and 
Phaseolus,  a  divergence  of  2.1%  (2  out 
of  96  base  pairs). 

(5)  We  made  useful  observations  on 
the  susceptibility  of  plant  nuclear  DNA, 
particularly  rDNA,  to  restriction  en- 
zymes. Since  plant  nuclear  DNA  is 
highly  methylated  at  cytosine  residues 
and  many  restriction  enzymes  cannot 
cleave  at  sites  containing  methylated 
cytosines,  many  enzymes  give  very  poor 
cleavage  of  plant  DNA.  Poor  cleavage 
was  a  severe  limitation  to  our  survey 
of  restriction-site  mutations.  We  have 
classified  restriction  enzymes  some- 
what arbitrarily  into  three  groups,  us- 
ing our  observations  with  legume  rDNA 
(see  Table  15).  These  classifications  re- 
flect sequence-specific  methylation  pat- 
terns more  than  some  inherent 
properties  of  the  enzymes.  Only  those 
enzymes  that  we  know  to  possess  a 
cleavage  site  in  our  cloned  (unmethy- 
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TABLE  15.  Classification  of  Restriction  Enzymes  by  Their  Ability  to  Cleave  rDNA 


Class  I 

Class  II 

Class  III 

No  cleavage  of 

Substantial,  but  incomplete, 

Complete  cleavage 

rDNA 

cleavage  of  rDNA* 

of  rDNA 

Cla  I 

Bam  Hit         (25-75) 

Bam  Hit 

Eco  RV 

Bgl  I                (50-80) 

Bel  I 

Hpa  I 

Bgl  II               (25-75) 

Bst  EII 

Nae  I 

Hinc  II             (25-75) 

Eco  RI 

Pvu  I 

Ava  I               (25-75) 

Hind  III 

Sma  I 

Kpn  I 

Sst  II 

Nco  I 

Xho  I 

Sph  I 

Sst  I 
Stu  I 
Tth  I 
Xba  I 

*%  rDNA  cleaved,  in  parentheses. 

tThree  of  four  Bam  HI  cleavage  sites  in  rDNA  fall  in  Class  III,  while  the  fourth  falls  in  Class  II. 


lated)  pea  rDNA  repeat  unit  are  in- 
cluded. The  eight  enzymes  in  Class  I 
are  defined  as  producing  little  (<5%)  or 
no  cleavage  of  their  rDNA  sites  (even 
though  chloroplast  DNA  in  the  same 
preparation  is  completely  digested,  in- 
dicating methylation  at  all  or  nearly  all 
of  these  positions  in  rDNA).  Cleavage 
sites  for  the  five  enzymes  in  Class  II  are 
less  heavily  methylated  (  —  25-75%). 
Class  III  enzymes  probably  represent 
two  types,  those  insensitive  to  methy- 
lation of  C  residues  (e.g.,  Eco  RI)  and 
those  whose  cleavage  sites  are  not 
methylated  in  rDNA  in  the  species  sur- 
veyed (Kpn  I  and  Stu  I,  perhaps). 

(6)  Methylation  of  the  two  Bgl  II 
cleavage  sites  in  pea  rDNA  varies  among 
accessions  of  peas  as  well  as  among  the 
different  rDNA  length  classes  found  in 
individual  plants.  Generally,  neither  or 
only  one  of  the  two  Bgl  II  sites  is  un- 
methylated  in  a  given  length  class,  al- 
lowing subdivision  of  each  length  class 
into  two  methylation  classes.  Also,  a 
nearest-neighbor  effect  is  observed 
whereby  if  a  particular  Bgl  II  site  in 
one  repeat  unit  is  unmethylated  the 
same  Bgl  II  site  in  immediately  adja- 
cent repeat  units  is  also  unmethylated. 
Both  Bgl  II  sites  in  a  single  repeat  unit 
are  unmethylated  in  less  than  5%  of  pea 
rDNA  repeats. 

(7)  Only  one  of  the  four  Bam  HI 


cleavage  sites  is  methylated  in  all  the 
legume  taxa  surveyed  here.  The  same 
Bam  HI  site  is  apparently  also  meth- 
ylated in  the  cereals  wheat,  rye,  and 
barley  (Appels  etal.,  1980).  This  degree 
of  conservatism  is  in  striking  contrast 
to  the  Bgl  II  methylation  pattern,  which 
varies  even  within  a  single  plant's  rDNA 
repeat  length  classes. 

The  observations  described  above  on 
Bgl  II  and  Bam  HI  site  methylation  il- 
lustrate two  temporal  classes  of  meth- 
ylation, which  we  can  call  conservative 
and  nonconservative.  Conservative 
methylations  are  illustrated  by  the 
Bam  HI  site  methylation  of  legumes  and 
cereals  and  may  reflect  methylations 
that  have  been  stongly  selected.  Non- 
conservative  methylations  are  repre- 
sented by  some  Bgl  II  site  methylations 
that  are  quite  variable  even  within  a 
species.  The  selective  value  for  these 
latter  methylations  cannot  be  predicted 
from  our  data.  For  this,  more  detailed 
genetic  analysis  is  required. 

Some  Phylogenetic  Implications.  Our 
survey  of  legume  rDNA  identifies  three 
or  possibly  four  distinct  segments  of 
rDNA  on  the  basis  of  the  frequency  at 
which  detectable  alterations  occur  dur- 
ing evolutionary  time.  The  most  slowly 
evolving  sequences  are  those  encoding 
17S  and  25S  rRNA.  Changes  here  are 
so  rare  and  susceptible  cleavage  sites 
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so  few  that  molecular  phylogenetic 
studies  comparing  these  segments  of 
DNA  in  legume  genera  will  require 
cloning  of  rDNA  from  each  taxon  to  re- 
duce interference  by  methylation  and 
to  permit  direct  DNA  sequence  deter- 
mination. In  this  regard  a  rapid  method 
for  cloning  rDNA  to  permit  such  anal- 
yses has  recently  been  developed  (E. 
Zimmer  and  R.  Jorgensen,  unpub- 
lished). 

The  next-most-conservative  region  is 
the  ITS  length  variable  segment.  The 
estimation  of  this  evolutionary  rate  is 
new  for  plant  rDNA.  Length  variation 
has  recently  been  reported  for  this  re- 
gion of  Drosophila  DNA  (Dover  et  al., 
1982),  where  it  also  occurs  with  a  fre- 
quency intermediate  between  that  of  the 
coding  regions  and  the  NTS.  While 
length  variations  in  this  region,  as  as- 
sayed by  restriction  analysis,  are  not 
sufficient  for  unambiguous  phyloge- 
netic comparisons,  DNA  sequence  de- 
terminations in  the  ITS  may  provide 
resolution  high  enough  to  produce  with 
good  confidence  phylogenies  of  legume 
genera. 

The  most  variable  segment,  the  sub- 
repeat  in  the  NTS,  is  so  variable  as  to 
be  nearly  useless  for  interspecific  com- 


parisons, but  it  shows  great  promise  for 
population  studies.  (Indeed,  substantial 
variability  has  now  been  found  even 
within  populations  of  the  slender  wild 
oat,  Auena  barbata  [R.  Jorgensen  etal., 
unpublished].)  The  remainder  of  the 
NTS  region  is  also  variable  intraspe- 
cifically,  but  we  have  not  yet  deter- 
mined whether  the  amount  of  variability 
in  this  region  approaches  that  of  the 
subrepeat  region.  It  is  possible  that  this 
region  evolves  slowly  enough  to  allow 
interspecific  comparisons  to  be  made. 
We  must  note,  however,  that  compari- 
sons of  recently  diverged  species  made 
with  tandemly  repeated  DNA  se- 
quences may  not  yield  accurate  infor- 
mation on  phylogeny  because  these 
tandem  arrays  are  not  homogeneous  and 
can  evolve  in  concert  even  while  har- 
boring rare  subtypes. 
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PHYTOCHROME  CONTROL  OF  RNA  LEVELS  IN  PEA  AND 
MUNG  BEAN  LEAVES 

Marylee  Everett,  Neil  O.  Polans,  Richard  A.  Jorgensen,  Jeffrey  D.  Palmer, 
and  William  F.  Thompson 


Previous  reports  have  dealt  with  pre- 
liminary experiments  on  a  small  group 
of  cDNA  clones  obtained  from  pea  leaf 
mRNA  (Year  Book  78,  212-214;  Year 
Book  79,  116-119),  some  of  which  rep- 
resent messenger  RNAs  whose  abun- 
dance is  regulated  by  light  acting 
through  the  phytochrome  system  (Year 
Book  80,  79-80).  In  order  to  obtain  a 
larger  number  of  clones  and  to  obtain 
similar  probes  from  mung  beans  as  well 
as  peas,  we  have  recently  prepared  ad- 
ditional, larger  clone  banks  from  mRNA 


of  both  species.  In  contrast  to  the  small 
initial  clone  bank,  both  new  banks  were 
made  from  a  mixture  of  mRNAs  ob- 
tained from  tissues  at  different  stages 
of  greening.  Thus  the  new  banks  should 
also  include  RNA  sequences  which  dis- 
appear during  development  as  well  as 
those  characteristic  of  mature  leaf  tis- 
sues. 

About  1000  pea  clones  and  650  mung 
bean  clones  were  screened  by  differ- 
ential colony  hybridization,  using  32P- 
labeled  cDNA  prepared  with  RNA  from 
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light-  or  dark-grown  plants.  Colonies 
showing  good  hybridization  to  one  or 
both  of  these  probes  (about  20%  of  the 
total)  were  subjected  to  a  second  screen- 
ing. Roughly  half  of  these  clones  rep- 
resent RNAs  whose  abundance  appeared 
either  to  increase  or  to  decrease  during 
development.  Hybridization  to  North- 
ern blots  of  electrophoretically  sepa- 
rated RNA  showed  that  a  number  of 
those  exhibiting  increases  in  abun- 
dance were  derived  from  23S  rRNA  of 
chloroplast  origin.  A  sample  of  clones 
was  selected  from  those  apparently  cor- 
responding to  mRNA  sequences  and  was 
assayed  for  cross  homology  by  hybrid- 
izing labeled  DNA  from  one  clone  to 
Southern  blots  of  gels  in  which  the  cDNA 
inserts  from  several  clones  had  been 
separated  from  vector  sequences.  In  ad- 
dition, we  have  obtained  from  Dr.  N. 
-H.  Chua  two  pea  cDNA  clones  which 
were  identified  by  Broglie  et  al.  (1981) 
as  deriving  from  the  mRNAs  for  the 
small  subunit  of  RuBP  carboxylase  (SS) 
and  polypeptide  15  of  the  chlorophyll  al 
b  light-harvesting  complex  (AB).  By  in- 
cluding these  clones  in  our  cross-ho- 
mology  experiments  we  have  determined 
which  of  our  cross-homology  groups  cor- 
respond to  SS  and  AB  mRNA  se- 
quences. Results  from  heterologous 
hybridization  experiments  have  re- 
cently permitted  us  to  identify  a  mung 
bean  cDNA  clone  homologous  to  a  pea 
AB  probe  (one  positive  colony  out  of  100 
surveyed),  but  we  have  not  yet  been 
successful  in  identifying  a  mung  bean 
SS  clone. 

A  listing  of  the  clones  thus  far  char- 
acterized is  presented  in  Table  16. 

Selected  clones  have  been  further 
analyzed  by  a  "dot  blot"  hybridization 
procedure  where  total  RNA  from  var- 
ious stages  or  tissues  is  immobilized  in 
3-mm  dots  on  a  nitrocellulose  filter  and 
the  filter  then  hybridized  with  labeled 
DNA  from  the  clone.  The  sensitivity  of 
this  technique  is  much  higher  than  that 
obtained  when  labeled  RNA  is  used  with 
filter-bound  cloned  DNA,  presumably 
because  much  more  radioactive  label  is 


available  in  the  individual  sequence  of 
interest  when  a  clone  is  used  as  the 
probe. 

Examples  of  RNA  dot  blot  experi- 
ments carried  out  with  the  pea  cDNA 
clones  are  shown  in  Figure  56.  Pea  RNAs 
were  extracted  from  the  buds  of  7-11- 
day-old  seedlings  or  from  mature  leaves. 
Prior  to  day  7,  the  plants  were  grown 
in  the  dark  or  pretreated  with  red  or 
red  plus  far-red  light  as  described  in 
Year  Book  80,  pp.  79-80.  At  6  days,  all 
three  groups  were  transferred  to  white 
light,  and  buds  were  harvested  at  in- 
tervals over  a  96-h  period.  Clones  rep- 
resenting groups  1  through  13  were 
hybridized  to  RNAs  from  each  group  of 
buds  in  order  to  determine  the  relative 
abundance  of  the  various  transcripts  at 
different  times  during  greening.  Sev- 
eral response  patterns  were  seen. 

Probes  1  and  2,  which  recognize  AB 
and  SS  RNAs,  respectively,  show 
strongly  positive  phytochrome  regula- 
tion; RNA  levels  increase  in  response 
to  red  light  pretreatment,  and  the  ef- 
fects of  red  light  are  reversed  when  fol- 
lowed immediately  by  far-red  light.  In 
the  case  of  the  AB  RNA,  red  light  pre- 
treatments  without  supplementary 
white  light  produce  essentially  com- 
plete induction,  while  additional  high- 
intensity  white  light  seems  required  for 
full  induction  of  SS  RNA.  These  two 
RNAs  also  have  significantly  different 
steady-state  concentrations  in  the  dark, 
that  of  the  SS  RNA  being  lower  than 
that  of  the  AB  RNA,  although  fully  in- 
duced levels  of  both  RNAs  are  quite 
similar. 

Group  3  probes  measure  an  RNA 
which  undergoes  a  dramatic  decrease 
in  abundance  during  leaf  development 
and  greening.  Again  we  find  a  red/far- 
red  reversible  acceleration  of  the  re- 
sponse, indicating  control  through  the 
phytochrome  system.  We  have  shown 
that  the  same  decrease  is  observed  in 
the  stem  tissue  of  the  hook  region  im- 
mediately below  the  bud,  so  it  seems 
unlikely  that  this  response  is  a  trivial 
result  of  changing  the  relative  propor- 
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TABLE  16.  Pea  and  Mung  Bean  cDNA  Clones* 


Pea  Clones 

Mung  Bean  Clones 

Group 

Clone 

Insert  (BP) 

Group 

Clone 

Insert  (BP) 

1 

pEA    28 

500 

1 

pMB105 

700 

201 

300 

pMB117 

350 

205 

2 

121 

700 

210 

300 

128 

450 

2 

pEA     5 

570 

3 

pMB119 

400 

202 

4 

PMB120 

233 

500 

5 

pMB134 

800/640 

242 

6 

pMB213 

600 

245 

7 

pMB123 

275 

8 

pMB122 

450 

3 

pEA207 
219 

300 
800/750/650 

4 

pEA277 

278 

500 
500 

5 

pEA     2 

700 

6 

pEA  13 

300 

7 

pEA  25 

350 

8 

pEA  46 

350 

9 

pEA215 

350 

10 

pEA301 

500 

11 

pEA     9 

500 

12 

pEA  47 

300 

13 

PEA170 

120 

*Clones  listed  were  selected  on  the  basis  of  differential  colony  hybridization  experiments  and 
characterized  by  cross-homology  grouping  and  RNA  dot-blot  hybridizations.  Pea  groups  1-10  are 
judged  to  be  independent  on  the  basis  of  cross-hybridization  experiments.  Pea  groups  11-13  do  not 
hybridize  with  each  other  or  with  the  most  abundant  RNAs  of  groups  1-10.  All  mung  bean  clones 
have  been  grouped  by  cross  hybridization.  Pea  groups  1  and  2  cross  hybridize  with  pAB96  and  pSSl5 
(Broglie  et  al.,  1981),  which  were  derived  from  mRNAs  for  a  chlorophyll  alb  binding  protein  (poly- 
peptide 15)  and  for  the  small  subunit  of  RuBP  carboxylase,  respectively.  pAB96  is  also  homologous 
to  pMB123  (mung  bean  group  7). 


tions  of  stem  and  leaf  tissue  in  the  bud. 

Red/far-red  reversibility  is  also  ob- 
served with  probes  4,  6,  7,  8,  and  9,  at 
least  in  the  absence  of  supplementary 
white  light.  Other  details  of  these  re- 
sponses may  vary.  For  example,  probe 
8  assays  an  RNA  which  reaches  its 
maximum  level  after  24  hours  of  white 
light  and  shows  no  response  to  either 
pretreatment  or  longer  durations  of 
white  light,  while  the  RNA  recognized 
by  probe  9  increases  much  more  slowly 
and  still  shows  some  red/far-red  photo- 
reversibility  after  24  hours  in  white 
light. 

Probes  5,  10, 11, 12,  and  13  represent 
RNAs  which  do  not  appear  to  respond 
to  phytochrome  transformation.  Only 


RNA  complementary  to  probe  12  shows 
any  reasonably  clear  response  to  white 
light.  RNAs  complementary  to  probes 
5,  10,  and  11  are  somewhat  more  abun- 
dant in  mature,  light-grown  leaves  than 
at  any  time  during  the  first  96  h  of  il- 
lumination, while  RNA  complemen- 
tary to  probe  13  does  not  respond  at  all. 
Chloroplast  genes  also  respond  to 
phytochrome  in  peas.  We  have  com- 
pleted probes  for  sequences  encoding  the 
large  subunit  of  RuBP  carboxylase  (LS) 
and  a  32,000-dalton  photosystem  II 
polypeptide  (P  II)  which  regulates  pho- 
tosystem II  electron  transport  (Matoo 
et  al.,  1981;  Palmer  et  al.,  this  Report), 
as  well  as  for  the  chloroplast  ribosomal 
RNA  genes.  RNAs  corresponding  to  all 
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Fig.  56.  RNA  dot  blots  hybridized  with  labeled 
DNA  from  different  pea  cDNA  clones.  Pea  seed- 
lings were  germinated  in  the  dark  and  subjected 
on  days  4,  5,  and  6  after  sowing  to  various  pre- 
treatments.  In  addition  to  the  dark  control  (D), 
the  pretreatments  consisted  of  a  single  exposure 
on  each  of  the  three  days  to  either  3  min  red  light 
(R)  or  3  min  red  light  followed  immediately  by 
far-red  light  (F),  as  described  by  Gorton  and  Briggs 
(1980).  On  day  7,  all  three  groups  of  seedlings 
were  transferred  to  high-intensity  white  light. 
Buds  for  RNA  extraction  were  harvested  at  the 
time  of  transfer  and  at  24-h  intervals  thereafter, 
as  indicated  by  the  numbers  at  the  top  of  the 
figure.  L  refers  to  mature,  fully  light  grown  leaves, 
and  S  to  normalization  standards  containing  ei- 
ther 5  or  50  pg  of  pBR322  DNA.  Each  strip  of 
nitrocellulose  containing  10  RNA  and  2  standard 
dots  was  hybridized  with  a  different  nick-trans- 
lated probe  (cloned  in  pBR322)  belonging  to  the 
indicated  cross-homology  group  (see  Table  16). 
The  extent  of  hybridization  was  then  visualized 
by  autoradiography. 


three  probes  increase  in  abundance 
during  greening  of  etiolated  buds  and 
show  clear,  red/far-red  photoreversible 
responses.  Interestingly,  a  similar  re- 
sponse pattern  is  found  for  the  chloro- 
plast  DNA  itself  (measured  as  a  fraction 
of  the  total  DNA)  in  pea  buds.  In  mung 
beans,  however,  there  is  little  or  no 
change  in  chloroplast  DNA  level  in  re- 


sponse either  to  pretreatments  with  red 
light  or  to  illumination  with  high-in- 
tensity white  light.  Similarly,  we  find 
much  less  change  in  the  levels  of  chlo- 
roplast RNAs  in  mung  beans  than  we 
do  in  peas. 

With  respect  to  nuclear-coded  RNAs 
in  mung  beans,  heterologous  hybridiza- 
tions using  the  pea  cDNA  probes  indi- 
cate that  both  SS  and  AB  RNAs  do 
respond  to  phytochrome,  as  they  do  in 
peas.  However,  the  induction  ratios  be- 
tween dark  and  light  steady-state  lev- 
els are  not  as  great  in  mung  beans  as 
they  are  in  peas.  The  relative  abun- 
dance of  the  two  RNAs  in  dark-grown 
tissue  is  also  reversed,  SS  RNA  being 
the  more  abundant  of  the  two  in  mung 
beans  and  the  less  abundant  in  peas. 
Several  other  cDNA  clones  from  the 
mung  bean  bank  have  also  been  used 
to  probe  the  same  developmental  series 
of  RNAs.  RNAs  complementary  to  some 
of  these  clones  are  already  present  at 
high  levels  in  six-day-old  dark-grown 
seedlings  and  show  even  less  change 
than  the  mung  bean  chloroplast  RNAs 
when  the  six-day  seedlings  are  exposed 
to  light.  However,  at  earlier  times  in 
development,  dark  levels  for  the  same 
RNAs  are  much  lower  and  the  extent 
of  light  induction  much  greater. 

In  general,  then,  it  appears  that  de- 
velopmental processes  have  proceeded 
further  in  the  dark-grown  mung  bean 
leaves  than  they  have  in  pea  buds  (when 
we  start  our  experiments  at  6  days). 
Our  observations  are  in  general  agree- 
ment with  earlier  work  on  the  accu- 
mulation of  ribosomal  RNA.  For 
example,  Dyer  et  al.  (1971)  observed  that 
there  is  an  unusually  low  level  of  chlo- 
roplast ribosomal  RNA  in  dark-grown 
leaves  of  Vicia  faba,  a  very  close  rela- 
tive of  the  pea,  and  that  the  light  stim- 
ulation of  plastid  rRNA  accumulation 
is  correspondingly  greater  than  in  other 
species,  such  as  maize  and  Phaseolus. 
The  work  of  Scott  et  al.  (1971),  Grierson 
and  Covey  (1975),  and  our  own  exper- 
iments indicate  that  what  is  true  for 
mung  bean  leaves  is  also  true  for  pea 
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buds.  It  is  also  interesting  that  Pisum 
and  Vicia  have  long  been  recognized  as 
being  atypical  with  respect  to  certain 
anatomical  responses  to  etiolation  (Bond, 
1935).  We  hope  to  be  able  to  exploit  these 
biological  differences  in  future  work  on 
the  control  of  gene  expression  in  these 
systems. 
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INTRODUCTION 


The  highlight  of  this  year's  research 
is  an  outstanding  advance  which  brings 
us  closer  to  the  solution  of  important 
questions  about  the  regulation  of  genes. 
Allan  Spradling  and  Gerald  Rubin  re- 
port the  first  successful  transformation 
of  Drosophila  melanogaster  with  exog- 
enous genes.  They  have  devised  a 
method  to  introduce  purified  genes  into 
the  egg  and  sperm  cells  of  living  fruit 
flies.  The  method  is  called  "gene  trans- 
fer," and  its  application  to  Drosophila 
may  well  be  more  important  than  would 
be  its  application  to  any  other  animal 
or  plant  organism — at  least  for  the  pur- 
pose of  answering  basic  biological  ques- 
tions. (For  many  technical  reasons, 
Drosophila  has  been  the  choice  of  ge- 
neticists for  more  than  fifty  years,  and 
we  therefore  know  more  about  its  genes 
than  those  of  any  other  eukaryotic  or- 
ganism.) 

The  gene  transfer  method  that  Sprad- 
ling and  Rubin  devised  depends  on  the 
special  characteristics  of  certain  trans- 
posable  ("P")  elements  present  in  some 
but  not  other  strains  of  Drosophila. 
When  these  unusual  DNA  sequences  are 
introduced  into  a  strain  that  does  not 
contain  them  (an  "M"  strain)  either  by 
mating  the  strains  or,  as  in  Spradling 
and  Rubin's  method,  by  injecting  the 
element  in  its  recombinant  form  into 
the  fertilized  eggs,  the  "P"  elements 
catalyze  their  own  transposition  into 
chromosomes  in  the  germ  cells.  Genes 
carried  with  "P"  elements  are  also 
transferred  into  the  host's  chromo- 
somes. The  elegant  details  of  their 
method  can  be  appreciated  by  geneti- 
cists and  molecular  biologists,  who  will 
recognize  in  the  techniques  of  Sprad- 
ling and  Rubin  the  coupling  of  tradi- 
tional and  modern  molecular  genetics. 

The  method  has  been  designed  so  that 
any  gene  can  be  introduced  into  Dro- 


sophila germ  cells  and  hence  into  the 
progeny  of  the  injected  flies.  New  and 
promising  kinds  of  experiments  are  now 
possible,  for  example  by  transferring  a 
specialized  gene  that  is  expressed  in  a 
single  tissue  within  a  specified  time  of 
development.  The  gene  can  be  cloned 
by  recombinant  DNA  methodology, 
characterized  by  DNA  sequencing,  al- 
tered specifically  by  mutations  or  dele- 
tions, and  introduced  into  a  living  fly 
by  the  gene  transfer  method.  The  gene 
enters  the  chromosomes  of  the  germ  cells 
and  hence  becomes  part  of  the  genetic 
material  of  the  next  generation.  The  lo- 
cation of  the  new  gene  in  the  Droso- 
phila chromosomes  is  easy  to  map,  and 
a  host  of  significant  questions  can  be 
addressed.  Does  gene  location  affect  its 
function?  Which  DNA  sequences  in  and 
around  the  gene  affect  its  tissue  spec- 
ificity, or  affect  the  period  in  develop- 
ment when  it  is  active?  The  method  may 
even  be  a  general  one  that  can  be  ap- 
plied to  many  different  organisms. 

This  is  just  the  most  recent  demon- 
stration of  the  immense  importance  of 
transposable  elements  in  biology,  a 
phenomenon  discovered  35  years  ago  by 
Barbara  McClintock.  These  DNA  ele- 
ments, used  here  for  the  first  time  as  a 
tool  for  gene  transfer,  have  many  im- 
portant effects  on  genes  when  they  are 
located  near  or  within  genes.  Fedoroff 
and  her  colleagues  have  made  consid- 
erable progress  in  the  characterization 
of  two  genes  in  maize  (waxy  and  shrun- 
ken genes)  that  are  known  to  be  affected 
by  transposable  elements.  Molecular 
probes  have  now  been  obtained  and  the 
gene  products  characterized.  Many  mu- 
tants that  affect  these  genes  can  now 
be  characterized.  Meanwhile,  in  addi- 
tion to  the  "P"  elements  described  above, 
Rubin  and  his  co-workers  have  concen- 
trated on  other  transposable  elements 
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that  affect  the  well-known  white  locus 
of  Drosophila. 

Another  important  biological  event 
is  gene  amplification,  where  one  or  a 
limited  number  of  genes  are  increased 
in  number  relative  to  the  remainder  of 
an  animal's  genome.  The  presumed  bio- 
logical purpose  is  to  augment  synthesis 
of  one  or  more  specific  gene  products. 
The  first  discover}'  of  amplification  of 
genes  for  proteins  was  in  the  chorion 
genes  in  Drosophila  follicle  cells,  by 
Spradling.  The  newly  discovered  gene 
transfer  method  should  make  it  possi- 
ble to  localize  specifically  the  genetic 
regions  responsible  for  this  amplifica- 
tion and  to  understand  this  event  in 
molecular  detail. 

Ward  and  Burke  describe  substantial 
progress  characterizing  a  set  of  specific 
sperm  proteins  and  their  genes  from  C. 
elegans.  One  major  sperm  protein  seems 
to  be  essential  for  the  movements  of 
sperm  required  for  fertilization.  This 
protein  has  been  found  to  be  encoded 
by  one  or  more  members  of  a  multigene 
family. 

It  is  now  known,  in  part  from  the  work 
of  Pat  Gearhart,  that  an  animal's  rep- 
ertoire of  antibodies  is  increased  by  mu- 
tations in  antibody  genes  during 
development  of  an  immunocyte.  She  re- 
ports sequencing  studies  demonstrat- 
ing that  hypermutation  is  not  restricted 
to  the  gene  itself  but  occurs  in  the  sur- 
rounding regions  as  well.  Her  goal  is  to 
understand  the  molecular  basis  of  this 
phenomenon. 

In  our  own  work  on  the  5S  RNA  genes, 
we  are  attempting  to  understand  the 
control  of  one  simple  animal  gene  sys- 
tem in  very  great  detail.  We  believe  that 
the  developmental  control  of  these  genes 
will  be  explained  by  their  relative  af- 
finities to  one  or  more  specific  protein 
factors.  The  genes  form  complexes  in 
vitro  with  these  factors,  complexes  which 
resemble  the  structure  of  genes  in  the 
chromatin  of  living  cells. 

The  complementary  studies  of  Fam- 
brough's  and  Pagano's  groups  address 
the  function  and  structure  of  cell  mem- 


branes located  on  cell  surfaces  and 
within  cells.  A  series  of  monoclonal  an- 
tibodies directed  toward  cell-surface 
proteins  have  provided  Fambrough  and 
his  colleagues  with  molecular  probes  for 
a  variety  of  cell  proteins  with  different 
cell  specificities  and  different  cellular 
locations.  Of  particular  interest  are 
surface  proteins  whose  localization  is 
the  same  as  some  known  constituent. 
For  example,  one  component  of  extra- 
cellular matrix  co-localizes  with  the 
acetylcholine  receptors  that  are  present 
at  neuromuscular  junctions.  This  is  a 
strong  indication  that  these  two  sub- 
stances have  some  related  function.  The 
important  enzyme  acetylcholinesterase 
is  a  complicated  protein  having  several 
subunits  and  important  modifications. 
Rotundo's  experiments  find  a  correla- 
tion with  the  secretion  or  retention  of 
this  enzyme  by  cells  with  the  kinds  of 
sugar  residues  that  modify  the  enzyme. 
He  also  has  demonstrated  differences  in 
the  structure  of  the  enzyme  isolated  from 
nerve  compared  to  that  from  muscle. 

As  scanty  as  is  our  present  knowl- 
edge on  proteins  in  membranes,  we  know 
even  less  about  the  sites  of  synthesis  of 
lipids  and  their  translocation  into  var- 
ious membranes.  Fluorescent  analogs 
are  being  developed  by  Pagano  and  his 
colleagues  to  trace  the  movement  of 
tagged  lipids  in  living  cells.  Over  the 
years,  they  have  worked  out  methods 
for  synthesizing  these  analogs  and  in- 
troducing them  into  cells.  They  show 
that  different  classes  of  lipids  take  sub- 
stantially different  routes  to  their  final 
cell  locations. 

There  is  no  single  study  on  the  re- 
generation of  nerves  as  detailed  as  that 
of  Muller  and  colleagues  during  the  past 
several  years  using  the  simple  nervous 
system  of  the  leech.  In  this  Report  they 
describe  the  limited  growth  of  isolated 
enucleated  fragments  of  axons  at  both 
cut  ends.  This  observation  suggests  an 
unexpected  independence  of  an  axon 
from  its  cell  body  that  may  be  relevant 
to  axon  regeneration.  Indeed,  Muller  and 
colleagues  have  evidence  that  these  axon 


DEPARTMENT  OF  EMBRYOLOGY 


121 


fragments  may  still  be  capable  of  form- 
ing synapses  even  though  they  have  no 
nucleus. 

We  will  miss  Alice  Mabin,  who  re- 
tired July  1,  1982,  after  fifteen  years  of 
service  to  the  Department.  Her  roles  as 
a  laboratory  helper  have  ranged  from 
nurturing  silk  worms  to  looking  after 
students  and  fellows.  She  has  assisted 
two  generations  of  staff  members  and 
six  generations  of  fellows. 

The  research  of  Brown,  Gearhart, 
Fambrough,  Muller,  Pagano,  Rubin, 
Spradling,  and  Ward  has  benefited  from 
grants  supported  by  the  National  In- 
stitutes of  Health.  Fedoroff  and  Ro- 
tundo  receive  support  from  the  National 
Science  Foundation,  and  Fedoroff  also 


has  a  grant  from  the  U.S.  Department 
of  Agriculture.  Fambrough  and  Ro- 
tundo  receive  additional  support  from 
Muscular  Dystrophy  Association  grants. 
Pagano's  research  is  supported  in  part 
by  the  Whitehall  Foundation,  Rubin  by 
an  American  Cancer  Society  grant,  and 
Muller  by  a  McKnight  Neuroscience 
Development  Award.  R.  Rotundo  is  a 
Sloan  Foundation  Fellow  (1982-1984). 
Departmental  research  has  been  as- 
sisted greatly  by  grants  from  the  Com- 
monwealth Fund,  the  Culpeper 
Foundation,  and  the  Fleischmann 
Foundation,  as  well  as  by  a  Biomedical 
Research  Support  Grant  from  the  Na- 
tional Institutes  of  Health. 

Donald  D.  Brown 


NERVE  REPAIR  AND  THE  FORMATION  OF  NERVE  CELL 

CONNECTIONS 

K.  J.  Muller,  E.  J.  Elliott,  A.  Mason,  V.  J.  Morgese,  and  B.  E.  Thomas 


Growing  nerve  cells,  or  neurons,  ex- 
tend nerve  fibers  that  contact  certain 
neurons  while  ignoring  others.  These 
contacts,  called  synapses,  linking  one 
cell  with  another,  must  form  quite  spe- 
cifically during  development  to  produce 
a  functioning  nervous  system.  Some 
mature  neurons  remain  able  to  grow 
new  nerve  fibers,  or  axons,  after  their 
original  axons  are  severed;  in  many 
cases  the  regenerated  axons  selectively 
contact  normal  synaptic  targets.  While 
such  regeneration  is,  for  unknown  rea- 
sons, rare  in  the  central  nervous  sys- 
tems of  man  and  other  mammals,  it  is 
accurate  at  the  level  of  single  cells  and 
even  parts  of  cells  in  the  medicinal  leech. 
In  the  past  year  we  have  used  the  leech 
to  extend  our  studies  of  axon  growth 
and  synapse  formation,  and  we  have  ex- 
amined the  role  of  non-neuronal  cells 
in  nerve  repair. 

We  have  focused  on  the  nervous  sys- 
tem of  the  leech  because  it  contains 
neurons  and  other  cells  whose  proper- 


ties and  synapses  are  remarkably  sim- 
ilar to  those  in  diverse  systems, 
including  the  human  brain.  In  the  leech, 
however,  there  are  only  about  400  neu- 
rons in  each  segmental  cell  cluster,  or 
ganglion,  and  many  of  these  neurons 
have  been  identified  as  to  function  and 
found  to  make  stereotyped  connections. 
Mechanosensory  neurons  within  a  gan- 
glion, for  example,  project  axons  along 
nerve  fiber  bundles,  called  connectives, 
which  link  ganglia;  in  adjacent  ganglia, 
sensory  axons  synapse  with  specific  tar- 
gets. This  relative  simplicity  of  orga- 
nization invites  experimental  ma- 
nipulation and  has  permitted  us  to  in- 
vestigate the  steps  taken  by  axons  of 
single  neurons  as  they  grow  and  regen- 
erate functional  synapses. 

We  report  on  studies  of  axon  seg- 
ments, severed  from  their  cell  bodies, 
which  can  grow  at  both  ends  for  at  least 
a  week.  This  result  supports  the  idea 
that  axon  growth  is  not  intrinsically  po- 
lar. It  also  suggests  a  mechanism  by 
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which  regenerating  axons  can  more 
readily  find  their  severed  segments, 
which  can  facilitate  regeneration.  Sep- 
arate experiments  now  indicate  that 
while  some  axons  may  synapse  upon 
their  severed  segments  during  regen- 
eration, a  small  percentage  of  other  ax- 
ons may  actually  fuse  or  rejoin  with 
severed  segments.  These  studies  have 
been  carried  out  on  mechanosensory 
neurons,  which  we  now  know  can  re- 
generate effective  synapses  with  nor- 
mal targets  at  aberrant  locations  within 
the  ganglion  core,  called  the  neuropile, 
where  synapses  are  normally  concen- 
trated. 

Among  the  non-neuronal  cells  in  the 
nervous  system,  we  have  discovered  that 
the  large  glial  cells  which  ensheathe 
axons  play  only  a  limited  role.  When 
the  large  glial  cells  are  selectively  de- 
stroyed or  when  a  nerve  is  injured,  small 
cells  called  microglia,  which  are  phago- 
cytic, accumulate  at  the  site  of  the  le- 
sion. These  cells  originate  at  least  partly 
within  the  axon  bundles  and  migrate 
to  the  site  of  injury.  Like  other  cells  in 
the  leech  nervous  system,  they  are 
strikingly  like  microglia  in  the  human 
brain,  where  origins  and  functions  of 
such  cells  remain  uncertain. 


Sprouting  of  Isolated  Axon 
Segments 

A.  Mason,  K.  J.  Muller,  and  B.E.  Thomas 

The  extremely  elongated  shape  of 
nerve  cells  with  long  axons  means  that 
the  cell  body  may  be  several  meters  away 
from  the  farthest  terminals  and  that 
there  may  be  considerable  delays  in  the 
transport  of  materials  between  these 
distant  sites.  This  has  suggested  that 
axons  may  have  some  measure  of  in- 
dependence, metabolic  or  otherwise, 
from  their  cell  bodies.  Because  damage 
to  the  nervous  system  almost  inevita- 
bly separates  portions  of  axons  from  their 
cell  bodies,  the  behavior  of  isolated  ax- 
ons is  relevant  to  studies  of  nerve  re- 


generation and  is  of  general  interest  to 
cell  biologists. 

Previous  work  in  this  and  other  lab- 
oratories has  shown  that  isolated  axons 
in  the  nervous  system  of  both  inverte- 
brates and  vertebrates  can  survive  for 
weeks  or  months  and  even  receive  syn- 
apses from  regenerating  axons.  There 
is  some  evidence  that  isolated  axons  can 
sprout  and  grow,  but  direct  proof  of  this 
has  been  hard  to  obtain,  partly  because 
of  the  difficulty  of  marking  isolated  axon 
segments.  We  have  approached  this 
problem  by  injecting  a  fluorescent  D- 
peptide  into  identified  neurons  of  the 
leech.  The  fluorescent  D-peptide  (kindly 
provided  by  Dr.  David  Weisblat  of  the 
University  of  California  at  Berkeley) 
consists  of  a  fluorescent  group  (fluores- 
cein) coupled  to  a  synthetic  string  of 
twelve  amino  acids  in  the  D-configu- 
ration.  Such  amino  acids,  rarely  found 
in  nature,  render  the  peptide  resistant 
to  proteolytic  digestion.  The  fluorescent 
D-peptide  spreads  throughout  the  neu- 
ron into  which  it  is  injected,  remains 
within  that  cell  for  several  weeks,  and 
allows  axons  containing  it  to  be  seen 
(using  the  appropriate  fluorescence  op- 
tics) within  the  living  nerve  cord  placed 
in  tissue  culture  medium.  This  allows 
repeated  observations  of  single,  iden- 
tified axons. 

Two  days  after  injecting  a  solution  of 
fluorescent  D-peptide  into  pressure- 
sensory  cell  (P-cell)  bodies  in  chains  of 
ganglia,  we  cut  or  crushed  the  nerve 
cords  in  two  places  (see  Fig.  1),  creating 


Fig.  1.  A  diagram  of  the  nerve  cord  prepara- 
tion showing  two  adjacent  ganglia  linked  by  their 
connectives.  P-cell  bodies  were  penetrated  with 
glass  microelectrodes  containing  a  solution  of  flu- 
orescent D-peptide,  which  was  injected  into  them 
under  pressure.  After  two  days,  the  nerve  cord 
was  cut  or  crushed  in  two  places  (arrows)  between 
adjacent  ganglia,  creating  axon  segments  2-4  mm 
long  with  proximal  (p)  and  distal  (d)  ends. 
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Fig.  2.  Growth  of  the  proximal  end  of  an  axon  segment  within  a  cultured  nerve  cord.  Panels  on 
the  left  are  photographs  of  the  video  monitor  screen  at  two-day  intervals  (number  of  days  indicated 
at  left)  beginning  30  minutes  after  the  axon  was  severed  by  crushing  the  nerve  cord.  Shallow  depth 
of  focus  of  the  objective  lens  reduced  the  amount  of  arborization  visible  in  any  single  photograph  of 
the  monitor  screen.  Therefore,  for  each  time  point,  tracings  were  made  from  the  screen  while  focusing 
through  the  preparation  (right-hand  panels).  The  arrowhead  indicates  a  neurite  that  apparently 
retracted  between  days  2  and  4.  The  preparation  was  viewed  by  epifluorescent  illumination  through 
a  x  40  water  immersion  objective  and  suitable  filters,  in  combination  with  a  silicon-intensified  target 
camera,  video  monitor,  and  video  tape  recorder. 


axon  segments  isolated  from  their  cell 
bodies  and  also  from  synaptic  contacts 
within  ganglia.  Immediately  after  it  was 
severed  and  at  one-  or  two-day  intervals 
thereafter,  each  axon  segment  was  ex- 
amined using  epifluorescent  illumina- 
tion and  a  silicon-intensified  target 
camera.  Images  were  viewed  on  a  video 
monitor  and  recorded  on  videotape  for 
subsequent  analysis  (Fig.  2).  At  the  end 
of  the  experiment,  preparations  were 
fixed  and  viewed  by  conventional  flu- 
orescence microscopy  (Fig.  3). 

Axon  segments  began  sprouting 
within  the  first  day  after  severing  and 
continued  to  grow  for  at  least  six  days 
(Fig.  2).  After  longer  periods,  increased 
background  autofluorescence  made  it 
difficult  to  detect  fine  branches.  Typi- 
cally, fine  sprouts  emerged  from  the  ends 
of  the  severed  axon,  and  branched  and 
grew  in  several  directions  within  the 
nerve  cord,  including  backwards  along 
the  axon.  Some  branches  had  at  their 


tips  a  swelling  which  seemed  to  be  a 
growth  cone,  and  small  swellings  or 
varicosities  were  seen  at  points  along 
the  sprouts  (Fig.  3).  Of  84  axon  seg- 
ments examined,  42  grew  at  both  ends, 
33  grew  only  at  the  distal  end,  one  grew 
only  at  the  proximal  end,  and  eight  did 
not  grow  detectably.  The  distal  end 
usually  sprouted  more  profusely  than 
the  proximal  end  (Fig.  3).  The  average 
growth  rate  over  a  six-day  period  was 
35  (xm  per  day  or  less,  although  quite 
extensive  arborizations  could  be  pro- 
duced. To  determine  whether  axon  seg- 
ments could  grow  in  vivo,  leeches  were 
anesthetized  and  small  holes  cut  in  the 
skin  and  underlying  tissues  to  expose 
single  ganglia.  P-cell  bodies  were  in- 
jected with  fluorescent  D-peptide,  and 
the  animal  was  allowed  to  recover.  One 
or  two  days  later  a  second  operation  was 
performed,  where  the  axons  containing 
the  fluorescent  D-peptide  were  severed 
in  two  places  by  crushing  the  nerve  cord. 
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Fig.  3.  Fluoresence  micrographs  of  the  distal  (upper  panel)  and  proximal  (lower  panel)  ends  of  a 
single  P-cell  axon  segment  containing  fluorescent  D-peptide  and  severed  five  days  previously.  The 
axon  has  sprouted  branches  with  varicosities  at  each  end.  The  preparation  was  maintained  in  culture 
medium. 


After  a  further  six  days,  chains  of  gan- 
glia were  removed  from  the  animal, 
fixed,  and  examined  by  fluorescence 
microscopy.  Of  eleven  segments  ex- 
amined, five  grew  at  both  ends,  three 
grew  only  at  the  distal  end,  one  grew 
only  at  the  proximal  end,  and  two  did 
not  grow  detectably.  Therefore,  growth 
of  axon  segments  isolated  from  their  cell 


bodies  does  occur  in  vivo  and  is  not  an 
artifact  of  the  culture  conditions. 

Using  a  different  technique,  we  were 
able  to  answer  the  objection  that  growth 
of  axon  segments  is  an  artifact  of  flu- 
orescent D-peptide  injection  and  to  in- 
vestigate growth  by  axon  segments  of 
a  different  class  of  neuron.  Chains  of 
ganglia  were  placed  in  culture  medium 
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Fig.  4.  Fluorescence  micrographs  of  a  nerve  cord  cut  in  two  places,  maintained  in  culture  medium 
for  one  week,  and  then  treated  with  glyoxylic  acid,  which  imparts  a  blue  fluorescence  to  axons 
containing  dopamine.  In  these  black-and-white  photographs  the  bright,  branched  patterns  (actually 
blue  in  the  original  color  transparency)  reveal  sprouting  by  the  two  ends  of  a  single  axon  segment. 


and  immediately  cut  in  two  places  as 
before.  After  one  week  the  chains  were 
treated  with  a  solution  containing 
glyoxylic  acid,  which  causes  neurons 
containing  monoamine  neurotransmit- 
ters to  fluoresce  brilliantly;  the  color  of 
fluorescence  depends  on  the  nature  of 
the  monoamine.  Associated  with  each 
leech  ganglion  are  seven  cells  and  their 
processes  that  contain  5-hydroxytrypt- 
amine  and  that  fluoresce  yellow,  and 
two  cells,  believed  to  contain  dopamine, 
that  fluoresce  blue.  Because  these  cells 
send  axons  along  the  nerve  cord,  this 
method  allows  us  to  examine  the  axon 
segments  of  a  small  group  of  identified 
neurons  without  injecting  them  with  an 
exogenous  substance.  We  found  that 
there  was  a  branched  accumulation  of 
both  yellow  and  blue  fluorescence  at  the 
cut  ends  of  the  nerve  cord.  In  favorable 
preparations,  it  was  possble  to  trace  a 
single  blue-fluorescing  axon  segment 
from  one  cut  end  to  the  other  and  dem- 
onstrate that  it  had  sprouted  at  both 
ends  (Fig.  4). 

In  summary,  we  have  shown  that  iso- 
lated axon  segments  of  leech  neurons 
can  sprout  at  both  ends  and  grow  for 
several  days.  The  source  of  materials 


for  this  growth  is  unknown;  the  mate- 
rials could  either  originate  within  the 
axon  or  be  transported  to  it  from  sur- 
rounding glial  cells.  The  varicosities 
found  along  the  sprouts  resemble  sites 
of  synaptic  contact  in  leech  ganglia  and 
suggest  that  isolated  axon  segments  may 
form  synapses.  Further  experiments  are 
needed  to  examine  this  possibility. 

During  the  normal  course  of  regen- 
eration, sprouting  by  the  proximal  ends 
of  the  axon  segment  might  facilitate 
contact  and  recognition  between  the 
axon  segment  and  processes  growing 
from  the  piece  of  axon  still  attached  to 
the  nerve  cell  body.  Although  we  have 
little  evidence  that  regeneration  by  P- 
cells  or  monoamine-containing  neurons 
is  guided  by  their  severed  axon  seg- 
ments, there  is  strong  evidence  that  the 
severed  axon  segment  of  another  leech 
neuron,  the  S-cell,  plays  just  such  a  role. 
Preliminary  experiments  indicate  that 
the  proximal  ends  of  isolated  S-cell  axon 
segments  do  sprout,  although  not  as 
profusely  as  those  of  P-cell  axon  seg- 
ments. Further  experiments  will  be  re- 
quired to  establish  the  contribution  of 
axon  segment  sprouting  to  S-cell  re- 
generation. 
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Sensory  Axon  Regeneration 

E.  J.  Elliott  and  K.  J.  Muller 

Classically  described  regeneration  of 
severed  axons  proceeds  by  outgrowth 
from  the  cut  end  of  the  axon  along  the 
pathway  formerly  occupied  by  the  dis- 
tal axon  segment,  which  degenerates. 
Growth  stops  when  the  axon  reaches  its 
target  cell.  Axon  regeneration  by  S-cells 
in  the  leech  is  in  some  respects  an  ex- 
ception to  this  pattern,  for  the  distal 
segment  of  a  severed  S  axon  does  not 
quickly  degenerate  and  remains  syn- 
aptically  connected  to  its  target  cell.  The 
regenerating  axon  may  make  electrical 
junctions  with  the  distal  stump,  which 
then  acts  functionally  as  a  splice  until 
the  growing  axon  reaches  its  target.  It 
is  becoming  clear  that  severed  axon 
segments  may  survive  for  months  in 
other  species  as  well,  including  mam- 
mals. This  has  provided  the  basis  for 
another  mechanism  of  regeneration, 
originally  proposed  for  certain  large 
motor  axons  in  the  crayfish.  Physiolog- 
ical evidence  suggested  that  these  ax- 
ons regenerate  by  fusing  with  their 
severed  distal  segment.  Recent  exper- 
iments we  have  done,  some  in  collabo- 
ration with  Eduardo  Macagno  and  Susan 
DeRiemer,  have  indicated  that  regen- 
eration of  sensory  axons  in  the  leech 
may  occasionally  proceed  by  a  mecha- 
nism of  axon  fusion. 

In  one  series  of  experiments,  single 
connectives  of  anesthetized  leeches  were 
severed  with  iridectomy  scissors.  After 
2-3  weeks,  the  nerve  cord  was  removed 
and  the  morphology  of  137  sensory  cells 
whose  axons  had  been  severed  was 
studied  by  injecting  the  cells  with  the 
enzyme  horseradish  peroxidase  (HRP, 
Mr  40,000  daltons).  HRP  moves 
throughout  the  injected  cell  and  cata- 
lyzes the  formation  of  a  dense  stain,  but 
it  is  too  large  to  cross  intercellular  junc- 
tions. The  axons  of  most  injected  cells 
sprouted  fine  processes  at  the  site  of  the 
lesion;  many  sprouts  extended  across 
the  cut  and  a  few  extended  a  consid- 
erable distance  toward  the  next  gan- 


glion. In  two  cases  cells  were  connected 
via  a  fine  process  across  the  lesion  with 
a  full-caliber,  normal  axon  that  ex- 
tended into  and  beyond  the  adjacent 
ganglion,  quite  unlike  the  thin,  grow- 
ing axons  (Fig.  5).  Because  2-3  weeks 
is  too  short  a  time  for  regrowth  to  yield 
such  complete,  normal-looking  arbori- 
zation, we  believe  that  these  axons  were 
severed  distal  segments  of  sensory  ax- 
ons that  had  become  rejoined,  or  fused, 
to  the  proximal  cut  ends  of  their  own 
or  of  other  sensory-cell  axons. 

In  another  series  of  experiments,  nerve 
cords  were  crushed  with  a  fine  pair  of 
forceps,  rather  than  cut.  Crushing  is 
easier  to  perform  than  cutting,  and  both 
the  survival  rate  of  leeches  and  the  rate 
of  axonal  regeneration  across  the  lesion 
are  higher  after  crushing  than  cutting. 
For  this  reason,  most  of  our  previous 
regeneration  experiments  with  sensory 
axons  have  been  done  by  crushing. 
Physiological  experiments  have  shown 
that  axonal  conduction  is  abolished  by 
a  crush  as  well  as  by  a  cut.  Many  past 
experiments  using  light  microscopy  and 
electron  microscopy  have  shown  that 
axons  are  disrupted  by  a  crush.  In  one 
series  of  experiments  to  test  this,  nerve 
cords  were  crushed  in  the  animal  and 
dissected  out  about  an  hour  later.  Sen- 
sory cells  whose  axons  had  been  crushed 
were  then  injected  with  HRP,  the  en- 
zyme was  allowed  to  fill  the  cell,  and 
the  next  day  the  preparations  were  fixed 
and  reacted.  Every  axon  of  220  injected 
extended  up  to  the  crush  and  no  farther, 
except  for  small,  fine  sprouts  growing 
at  the  proximal  ends  of  the  crushed  ax- 
ons, a  result  indicating  that  the  crushed 
axons  had  indeed  been  severed. 

In  experiments  over  longer  times,  from 
two  days  to  a  week,  a  phenomenon  in- 
dicating axon  fusion  was  observed;  the 
evidence  was  similar  to  that  seen  after 
cuts,  but  was  observed  more  frequently. 
By  two  days  after  crushing,  six  axons 
of  188  injected  with  HRP  sent  across 
the  crush  a  fine  process  that,  on  the 
other  side  of  the  crush,  joined  a  full- 
caliber  axon  extending  to  the  next  gan- 
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Fig.  5.  Light  micrograph  montage  of  a  pair  of 
connectives  and  ganglion  from  a  nerve  cord  that 
was  cut  two  weeks  earlier.  The  cell  bodies  of  me- 
chanosensory  neurons  in  the  adjacent  ganglion 
(not  shown,  1.5  mm  below  cut)  were  injected  with 
horseradish  peroxidase  (HRP),  which  marks  the 
sensory  axons  proximal  to  the  cut,  the  fine  sprouts 
crossing  the  cut,  and  one  major  axon  (arrows) 
distal  to  the  cut  which  is  the  distal  stump  of  a 
sensory  axon  that  has  apparently  become  "fused" 
to  the  proximal  cut  end  of  one  of  the  HRP-injected 
cells. 


glion.  The  occurrence  of  this  phenom- 
enon increased  as  the  crush  narrowed 
and  increased  with  time  after  the  crush, 
to  nearly  10%  at  one  week.  These  re- 
sults suggest  that  the  proximal  ends  of 
the  axons  have  grown  across  the  crush 
and  fused  with  distal  axon  segments  on 
the  other  side  of  the  crush.  It  seems 
likely  that  some  cells  may  fuse  with 
axon  segments  of  other  cells,  for  in  one 
case,  injection  of  HRP  into  a  cell  in  one 
ganglion  labeled  (on  the  other  side  of 
the  lesion)  the  cell  body  of  a  sensory 
neuron  in  the  next  ganglion. 

In  previous  experiments  we  found  that 
crushed  sensory  axons  whose  ensheath- 
ing  glial  cell  had  been  destroyed,  re- 
generated and  reconnected  with  their 
proper  target  cells  as  successfully  as  did 
normal  glial-ensheathed  axons.  We  have 
examined  the  morphological  data  from 
these  experiments  to  determine  in  how 
many  cases  connection  with  the  target 
might  have  occurred  by  a  mechanism 
of  fusion,  rather  than  by  new  growth 
along  the  entire  distance  from  crush  to 
target.  Sixteen  regenerated  axons  that 
(1)  followed  a  normal  pathway  in  the 
connective,  (2)  exhibited  a  normal 
branching  pattern  in  the  target  gan- 
glion, and  (3)  left  the  target  ganglion 
by  the  proper  roots,  were  considered 
candidates  for  having  fused  with  their 
stump.  This  number  (4%  of  the  total 
number  of  axons  tested,  and  30%  of  the 
regenerates)  undoubtedly  is  an  over- 
estimate of  the  number  of  axons  that 
fused  with  their  stumps,  since  it  is 
known  that  sensory  axons  will  regen- 
erate along  normal  pathways.  Twelve 
of  these  normal-appearing  axons  were 
on  control  sides,  while  only  four  were 
on  sides  with  the  glial  cell  killed.  This 
may  indicate  that  axons  lacking  a  glial 
sheath  are  less  likely  to  fuse  or,  if  a 
significant  number  of  these  sixteen  re- 
generates did  not  rejoin  but  did  in  fact 
regrow  along  the  normal  pathway,  it 
may  indicate  that  regenerating  axons 
are  less  likely  to  follow  a  normal  path- 
way if  the  glial  cell  is  absent.  It  is  not 
possible  to  determine  from  the  above 
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results  which  of  these  two  possibilities 
is  correct.  Of  the  thirteen  regenerated 
axons  that  clearly  followed  abnormal 
pathways,  six  lacked  their  glial  sheath 
and  seven  had  a  normal  glial  ensheath- 
ment. 


Selectivity  of  Synapse  Formation 
by  Mechanosensory  Neurons 

E.  J.  Elliott 

The  regeneration  of  pressure  (P)  and 
nociceptive  (N)  sensory  axons  in  the 
leech  has  been  tested  physiologically, 
in  our  lab  as  in  others,  by  monitoring 
the  reestablishment  of  synaptic  con- 
nections upon  primarily  one  particular 
motor  neuron,  the  L  cell.  Previous  ex- 
periments by  others  have  indicated  that 
regenerating  P  and  N  sensory  axons  do 
occasionally  form  synaptic  connections 
with  cells  other  than  the  L  motor  neu- 
ron, and  we  have  repeated  these  exper- 
iments to  test  whether  "mistakes"  are 
indeed  made.  In  addition,  we  have  in- 
vestigated the  selectivity  of  synapse 
formation  for  axons  regenerating  in  the 
absence  of  a  glial  sheath. 

The  target  neurons  tested  for  receiv- 
ing  synapses   from   sensory   cells   in- 


cluded cells  immediately  surrounding 
the  L  cell  and  a  group  of  about  eight 
motor  neurons  which,  like  the  L  cell, 
innervate  longitudinal  muscle.  In  con- 
trol experiments,  nine  often  P  cells  ex- 
amined could  evoke  small  excitatory 
synaptic  potentials  in  one  or  two  cells 
other  than  the  L  cell  in  adjacent  gan- 
glia. One  of  the  two  cells  lay  next  to  the 
L  cell  and  the  other  was  one  of  the  group 
of  motor  neurons. 

The  connections  between  regener- 
ated sensory  axons  and  cells  other  than 
the  L  cell  were  tested  in  preparations 
wherein  the  large  glial  cell  ensheath- 
ing  the  sensory  axons  in  one  of  the  two 
lateral  connectives  had  been  selectively 
destroyed  by  intracellular  injection  of 
a  protease,  as  we  described  in  Year  Book 
80,  p.  117.  Axons  in  both  connectives 
were  crushed  and  7-16  weeks  later  were 
assayed  with  intracellular  microelec- 
trodes  for  reconnection  with  the  L  cell 
of  the  next  ganglion  and  for  formation 
of  synaptic  connections  with  other  cells 
in  the  next  ganglion.  Of  sensory  P  ax- 
ons that  had  reconnected  with  the  L  cell 
(and  were  not  candidates  for  axonal  fu- 
sion, see  previous  essay)  four  out  of  five 
also  made  weak  excitatory  synaptic 
connections  with  the  one  or  two  other 
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Fig.  6.  Reconnection  of  touch  (T)  neuron  with  S  interneuron.  The  connectives  between  ganglia  12 
and  13  were  crushed,  severing  the  T  neuron  axon,  eight  weeks  prior  to  intracellular  recording.  A 
pulse  of  depolarizing  current  delivered  through  the  intracellular  microelectrode  in  the  operated  (T13) 
and  control  (Tn)  touch  neurons  evoked  synaptic  potentials  in  the  S  interneuron  in  the  adjacent 
ganglion  (S12).  The  regenerated  synaptic  potential  was  about  half  the  size  of  the  control.  Preparation 
bathed  in  saline  containing  15  mM  Mg+  +to  eliminate  chemical  synaptic  potentials  that  were  not 
direct. 
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cells  that,  from  their  positions  in  the 
ganglion,  are  normal  synaptic  targets. 
Two  of  these  four  axons  lacked  their 
glial  sheath.  Of  fifteen  P  sensory  axons 
that  had  not  reconnected  with  the  L  cell, 
three  formed  excitatory  synapses  with 
either  a  cell  near  the  L  cell  or  the  me- 
dio-posterior  motor  neuron.  One  of  these 
regenerated  axons  lacked  its  glial  sheath 
and  the  other  two  were  glial  en- 
sheathed  as  normally. 

These  results  indicate  that  sensory 
axons  show  about  the  same  selectivity 
in  regenerating  synaptic  connections  as 
they  did  in  originally  establishing  them, 
and  that  synaptic  connections  may  form 
with  apparently  normal  targets  before 
any  form  with  the  L  cell,  one  of  the 
principal  targets  of  the  regenerating 
sensory-cell  axon.  Moreover,  it  is  clear 
that  leech  axons  lacking  a  glial  sheath 
also  regenerate  synapses  selectively. 


Regeneration  of  Effective  but 

Aberrantly  Distributed  Synapses 

by  Touch  Sensory  Neurons 

K.  J.  Muller 

Past  studies  of  regenerating  axons  in 
the  leech  indicate  that  neurons  can  re- 
connect at  normal  locations  with  tar- 
gets in  the  nervous  system.  Whether 
there  is  variability  in  regenerated  pro- 
jections has  not  been  examined  at  high 
resolution  with  those  neurons  that  syn- 
apse, as  most  do,  with  their  targets  in 
the  complex  neuropile  that  forms  the 
core  of  ganglia.  The  relatively  simple 
arborization  within  ganglia  of  mechano- 
sensory  neurons  whose  endings  in  the 
skin  are  sensitive  to  light  touch  (T  neu- 
rons) makes  these  cells  favorable  for  a 
quantitative  analysis  of  the  effective- 
ness and  distribution  of  regenerated 
synaptic  contacts;  therefore,  a  study  of 
T  neuron  synapse  regeneration  was  un- 
dertaken in  collaboration  with  E.  R. 
Macagno  of  Columbia  University  and 
S.  A.  DeRiemer  of  Yale. 

Like  other  mechanosensory  neurons, 
T  neurons  arborize  in  the  segmental 


Fig.  7.  Branches  of  T  neurons  grew  across  crush 
and  into  adjacent  anterior  ganglion,  forming  syn- 
aptic boutons  (swellings,  e.g.,  at  arrows)  and 
making  contacts  with  T  neurons  within  the  gan- 
glion. The  cell  that  had  regenerated  within  eight 
weeks  shown  in  Fig.  6  was  injected  with  horse- 
radish peroxidase,  and  two  days  later  the  ho- 
mologous T  neuron  in  the  anterior  adjacent  gan- 
glion (12)  was  injected  with  the  fluorescent  dye 
Lucifer  Yellow.  The  stain  for  horseradish  per- 
oxidase was  then  developed,  and  the  preparation 
was  fixed  in  formaldehyde  and  cleared. 


ganglion  containing  their  cell  bodies  and 
in  adjacent  anterior  and  posterior  gan- 
glia. Separate  injection  of  Lucifer  Yel- 
low dye  and  horseradish  peroxidase 
(HRP)  into  two  left  or  two  right  T  neu- 
rons within  either  the  same  or  adjacent 
ganglia  reveals  a  striking  coincidence 
in  the  positions  of  branches  and  vari- 
cosities of  the  two  cells.  Varicosities 
along  branches  are  known  to  be  sites  of 
synaptic  contacts.  We  have  used  this 
coincidence  as  an  index  for  the  extent 
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that  regenerating  axons  reconstruct 
their  normal  arborizations  in  adjacent 
ganglia.  We  examined  the  morphology 
of  T  neurons  from  one  day  to  four  years 
after  we  cut  or  crushed  the  connectives 
between  ganglia.  The  degree  of  func- 
tional regeneration  was  assayed  by 
testing  for  restoration  of  synaptic 
transmission  from  each  T  neuron  to  the 
S  interneuron  in  the  target  ganglion 
and,  in  a  few  cases,  for  reinnervation 
of  skin  by  sensory  axons.  An  example 
of  our  results  is  shown  in  Fig.  6.  After 
electrical  recording,  a  T  neuron  was  in- 
jected with  HRP,  which  filled  regen- 
erated processes  in  the  target  ganglia. 
A  homologous  T  neuron  in  the  target 
ganglion  was  filled  two  days  later  with 
Lucifer  Yellow,  and  the  tissue  was  pro- 
cessed for  simultaneous  viewing  of  HRP 
reaction  product  and  Lucifer  Yellow  dye. 
The  degree  and  pattern  of  regeneration 
have  been  evaluated  at  Columbia  Uni- 
versity by  means  of  computer-assisted 
analysis  of  the  distribution  and  number 


of  branches,  varicosities,  and  contacts 
between  homologous  T  neurons. 

An  analysis  of  controls  shows  that  in 
three  unoperated  animals  the  anterior 
axon  of  the  T  neuron  has  24.7  ±  3.0 
branches  with  112.0  ±  15.1  boutons 
(swellings  that  are  sites  of  synapses) 
and  40.7  ±  10.5  contacts  with  the  ho- 
mologous T  neuron  in  the  anterior  ad- 
jacent ganglion,  while  six  controls  in 
operated  animals  had  31.3  ±  7.2 
branches,  130.3  ±  25.6  boutons  and  53.9 
±  16.1  contacts.  We  have  analyzed 
thirteen  operated  preparations  show- 
ing reconnection,  and  of  these  the  prep- 
aration shown  in  Figs.  6  and  7  is  typical, 
having  fewer  branches  (11),  boutons  (53), 
and  contacts  (27)  than  normal,  with  a 
synaptic  potential  measured  in  the  S 
interneuron  less  than  half  normal  size. 
Arborizations  were  not  entirely  nor- 
mal, even  at  later  times,  although  in 
four  cases  more  boutons  than  normal 
were  seen.  The  degree  to  which  the  re- 
generated patterns  of  arborization  re- 
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Fig.  8.  Regeneration  of  synapses  between  S  interneurons  occurs  in  a  normal  fashion  after  en- 
sheathing  glial  cells  have  been  destroyed.  Glial  cells  were  injected  with  protease  one  week  before  S- 
cell  axons  were  severed  by  crushing  the  connectives  near  one  ganglion.  Reconnection  was  not  seen 
before  ten  days  elapsed,  after  which  regenerating  axons  synapsed  upon  their  severed  distal  segments 
(stumps,  indicated  by  hatching)  or  connected  directly  with  the  adjacent  S-cell  axon  in  the  connective 
(cross-hatching  with  stippling  or  black,  in  which  cases  the  segment  had  evidently  degenerated). 
Preparation  indicated  with  stippling  was  reconnected  morphologically  but  the  S-cells  were  not  'cou- 
pled; severed  stump  was  not  present.  Animals  used  were  small  and  the  reduced  distances  grown  may 
account  for  slightly  accelerated  regeneration  and  degeneration. 
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Fig.  9.  Microglial  cells  in  the  leech  nerve  cord  migrate  to  the  site  of  lesion.  (A)  Microglia  (e.g.,  at 
arrow)  in  nerve  cord  stain  with  silver  carbonate,  the  classic  stain  for  microglia.  In  the  connectives 
these  cells  extend  processes  along  the  axons.  (B)  Feulgen  staining  of  nuclei  shows  that  within  a  day 
of  crushing  the  connectives,  microglia  move  to  the  site  of  the  lesion  (between  arrows).  Accumulation 
at  the  lesion  occurs  either  in  vivo  or  in  tissue  culture  medium,  as  shown.  Isolated  segments  of  crushed 
connectives  or  doubly  crushed  connectives,  shown  here  (second  crush  not  visible  beyond  top),  leaves 
region  of  intact  axons  depleted  of  microglial  cells,  which  migrate  to  the  crush. 


semble  the  normal  pattern  is,  therefore, 
quite  variable,  and  the  spatial  distri- 
bution of  regenerated  branches  and 
synapses  can  be  markedly  abnormal. 
Thus,  regeneration  of  functional  con- 
nections can  occur  despite  morpholog- 
ically abnormal  regeneration. 


Glial  Destruction  and  S-cell 
Synapse  Regeneration 

E.  J.  Elliott,  K.  J.  Muller,  and  B.  E.  Thomas 

The  system  of  interneurons  called  S- 
cells  in  the  leech  has  allowed  us  to  dem- 
onstrate that,  in  the  absence  of  the  en- 
sheathing  glial  cell,  synapses  form  as 


readily  and  precisely  with  normal  tar- 
gets as  when  the  glial  cell  is  present 
(Fig.  8).  We  have  now  also  injected  into 
S-cells  the  dye  Lucifer  Yellow,  which 
crosses  from  one  S-cell  to  the  next  at 
the  electrical  synapse  between  them.  The 
regenerating  S-cell  axon  forms  a  junc- 
tion, across  which  Lucifer  Yellow  dye 
can  pass,  exclusively  with  its  normal 
target  when  the  ensheathing  glial  cells 
of  the  connective  have  been  selectively 
destroyed  with  protease.  It  is  also  sig- 
nificant that  in  the  absence  of  regen- 
eration the  target  neuron  does  not  form 
alternative  synapses,  even  after  the 
severed  distal  segment  to  which  it  was 
connected  degenerates. 
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Migration  of  Microglia  within 
Injured  Neurons 

V.  J.  Morgese,  E.  J.  Elliott,  and  K.  J.  Muller 

After  injury  to  any  brain  that  has  been 
studied,  including  the  human  brain, 
small  cells  called  microglia  accumulate 
at  the  lesion.  The  origins  and  functions 
of  microglia  remain  controversial,  but 
there  is  some  consensus  that  microglia 
are  phagocytic  and  ingest  cellular  de- 
bris at  the  injury  and  that  some  mi- 
croglia may  originate  within  the  brain 
while  others  may  come  from  blood. 
Electron  microscopic  studies  of  injured 
nerve  cords  in  the  leech  have  shown  an 
increase  in  microglia,  but  we  have  had 
little  information  on  the  number  and 
distribution  of  the  cells.  Hundreds  of 
elongate,  small  cells  in  the  leech  con- 
nective that  look  like  microglia  stain 
with  silver  carbonate,  the  classic  his- 


tological stain  for  microglia  (Fig.  9A). 
These  cells  have  approximately  the  same 
number  and  distribution  within  the 
connectives  as  do  cells  whose  nuclei  can 
be  stained  by  the  Feulgen  stain.  One 
can  readily  see  with  Feulgen  stain  that 
microglia  accumulate  at  a  nerve  crush 
within  hours,  even  when  the  nerve  cord 
is  maintained  isolated  in  tissue  culture 
medium  (Fig.  9B).  The  loss  of  most  mi- 
croglia from  uninjured  regions  of  crushed 
connectives,  either  between  double 
crushes  or  within  isolated  lengths  of 
connective,  suggests  that  microglia  mi- 
grate within  the  nerve  cord  to  the  in- 
jury. Experiments  are  now  under  way 
to  test  whether  microglia  divide, 
whether  they  act  as  a  scaffolding  for 
growing  axons,  and  what  functional  re- 
lationship there  might  be  between  the 
large  glial  cells  that  ensheathe  axons 
and  the  microglia  that  respond  to  an 
injury  by  migrating  to  it. 


STUDIES  ON  CELL  SURFACE  GLYCOPROTEINS  OF 
SKELETAL  MUSCLE 

Ellen  K.  Bayne,  M.  John  Anderson,  Matthias  Chiquet, 

Jennifer  L.  Schwartz,  Adina  K.  Student,  and  Douglas  M.  Fambrough, 

with  technical  assistance  ofDelores  Somerville 


All  of  the  research  projects  in  our  lab- 
oratory are  related  to  determining  the 
mechanisms  by  which  cell  surface  gly- 
coproteins of  muscle  fibers  are  synthe- 
sized, assembled,  transported  to  the 
surface,  and  organized  at  the  cell  sur- 
face, and  how  they  function  in  relating 
the  muscle  fiber  to  its  environment  of 
other  cells  and  extracellular  matrices. 
Of  particular  interest  are  those  com- 
ponents of  the  muscle  surface  that  par- 
ticipate in  nerve-muscle  interactions. 
During  the  past  year  we  have  made  fur- 
ther progress  in  defining  interactions 
between  acetylcholine  receptors  and 
extracellular  matrix  components  local- 
ized at  neuromuscular  junctions.  We 
have  also  begun  to  focus  on  some  mus- 
cle surface  components  that  we  have 
not  studied  before.  These  allow  us  to 


explore  in  much  greater  detail  the  bio- 
synthesis and  assembly  of  integral 
membrane  proteins  in  skeletal  muscle 
and  the  dynamics  of  the  muscle  cell  sur- 
face related  to  traffic  between  surface 
and  lysosome. 


Co-localization  of  Extracellular 

Matrix  Antigens  with 

Acetylcholine  Receptor  Clusters 

on  Cultured  Chick  Myotubes 

Ellen  K.  Bayne 

The  roles  of  extracellular  matrix  dur- 
ing myogenesis  and  in  mature  muscle 
are  only  beginning  to  be  understood.  As 
reported  in  Year  Book  79  and  Year  Book 
80,  we  have  been  using  monoclonal  an- 
tibodies to  dissect  the  molecular  archi- 
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tecture  of  muscle  extracellular  matrix 
and  to  study  the  interactions  that  occur 
between  muscle  cells  and  their  matrix. 
Using  antibodies,  we  have  been  able  to 
analyze  the  distribution  of  various  an- 
tigens both  in  vivo  and  in  vitro  and  to 
characterize  these  antigens  biochemi- 
cally. In  addition,  it  has  been  possible 
to  analyze  the  cellular  origin  (i.e.,  mus- 
cle, fibroblast,  nerve)  of  matrix  anti- 
gens. Of  particular  interest  to  us  has 
been  the  organization  of  matrix  com- 
ponents with  relation  to  the  muscle 
plasma  membrane.  Immunocytochem- 
ical  experiments  have  shown  that  dis- 
crete specializations  containing 
extracellular  matrix  antigens  develop 
on  the  surfaces  of  cultured  myotubes 
and  that  some  of  these  coincide  with 
clusters  of  acetylcholine  receptors.  These 
matrix  specializations  contain  a  high- 
molecular-weight  antigen  defined  by 
monoclonal  antibody  33  (see  Year  Book 
80).  In  addition,  at  least  some  of  the 
specializations  contain  laminin  and  a 
third  antigen  defined  by  monoclonal 
antibody  39.  Fibronectin  is  also  asso- 
ciated with  some  of  the  specializations. 
Of  these  antigens,  the  distribution  of 
33  appears  to  be  most  closely  related  to 
that  of  the  acetylcholine  receptor  (see 
below).  Furthermore,  33  antigen  is  the 
only  component  that  appears  to  be  con- 
centrated at  neuromuscular  junctions 
in  vivo.  (Some  biochemical  characteri- 
zations of  33  antigen  were  presented  in 
Year  Book  80.) 

Monoclonal  antibodies  against 
chicken  laminin  were  prepared  as  fol- 
lows. An  extract  containing  a  variety 
of  matrix  antigens  was  prepared  from 
18-19  day  embryonic  chicken  skeletal 
muscle  by  a  procedure  involving  ho- 
mogenization  and  washes  in  a  high-salt 
solution  followed  by  prolonged  extrac- 
tion with  0.5  M  NaCl,  50  mM  Tris-HCl 
buffer  at  pH  7.5.  This  extract  was  con- 
centrated and  used  to  immunize  Balb 
c/J  mice.  Spleen  cells  were  then  fused 
with  SP2/0  myeloma  cells  by  standard 
protocols,  and  conditioned  media  from 
the  resulting  hybridomas  were  screened 


by  indirect  immunofluorescent  tech- 
niques on  frozen  sectioned  skeletal 
muscle.  Some  of  the  hybridomas  se- 
creted antibodies  against  antigens 
present  within  the  basal  lamina.  These 
hybridomas  were  cloned,  and  two  sep- 
arately derived  hybridoma  lines  were 
established  which  secreted  antibodies 
against  chicken  laminin.  Several  lines 
of  evidence  support  this  identification 
of  target  antigen. 

The  antibodies  produced  immunocy- 
tochemical  staining  patterns  similar  to 
patterns  obtained  with  antiserum  from 
sheep  which  had  been  immunized  with 
mouse  laminin  (antiserum  was  pro- 
vided by  Drs.  George  Martin  and  Hynda 
Kleinman).  On  frozen  sectioned  chick 
muscle,  both  the  serum  and  the  mon- 
oclonal antibodies  stained  basal  lamina 
around  muscle  fibers,  nerves,  and  cap- 
illaries. While  staining  appeared  to  ex- 
tend into  the  neuromuscular  junction, 
antigen  did  not  appear  to  be  concen- 
trated in  these  regions.  In  culture,  an- 
tigen was  associated  with  myotubes  and 
with  matrix  produced  by  fibroblasts. 
Antigen  was  present  at  some  but  not 
all  acetylcholine  receptor  clusters  on 
myotubes.  Here  again,  antiserum  and 
monoclonal  antibodies  exhibited  iden- 
tical staining  patterns. 

Further  evidence  for  concluding  that 
laminin  was  the  target  antigen  for  the 
hybridoma  antibodies  came  from  su- 
crose gradient  analysis  of  material  pre- 
pared by  the  same  method  as  was  the 
immunogen.  After  velocity  sedimenta- 
tion through  5-20%  sucrose  gradients 
containing  0.5  M  NaCl  (32,000  rpm,  16 
h,  4°C,  SW  50.1  rotor),  the  distribution 
of  antigen  in  the  gradient,  assayed  by 
monoclonal  antibodies,  was  the  same  as 
the  distribution  of  laminin  assayed  by 
sheep  anti-laminin  antiserum. 

Chick  muscle  cultures  were  labeled 
with  35S-methionine,  both  monoclonal 
antibodies  and  sheep  antiserum  were 
used  to  precipitate  labeled  antigen  from 
conditioned  medium,  and  the  precipi- 
tates were  analyzed  by  SDS-polyacry- 
lamide    gel    electrophoresis.    The 
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precipitated  polypeptides  had  apparent 
molecular  weights  of  200,000  and 
400,000  daltons.  The  electrophoretic 
bands  obtained  with  the  antiserum  ap- 
peared identical  to  those  obtained  with 
the  monoclonal  antibodies.  Both  the 
heavy  and  light  subunits  of  the  chicken 
protein  migrated  slightly  faster  than 
corresponding  mouse  antigen.  (Unla- 
beled mouse  laminin  standard,  a  gift 
from  Drs.  Kleinman  and  Martin,  and 
metabolically  labeled  mouse  laminin 
precipitated  from  mouse  muscle  cul- 
tures with  antiserum  were  used  for 
comparison.) 

The  possibility  that  the  antigen  was 
a  collagen  was  ruled  out  by  collagen 
digestion  experiments.  Immunoprecip- 
itates  were  digested  with  purified  bac- 
terial collagenase,  and  the  results  were 
analyzed  by  electrophoresis  on  SDS  po- 
lyacrylamide  gels.  Control  immunopre- 
cipitations  were  made  utilizing  a  rabbit 
antiserum  to  chicken  collagen.  Al- 
though all  of  the  polypeptides  precipi- 
tated by  the  anti-collagen  antiserum 
were  digested  under  the  conditions  used, 
the  polypeptides  precipitated  by  the 
monoclonal  antibodies  were  unaffected. 

Antibody  39  was  obtained  from  a  fu- 
sion wherein  crude  muscle  homogenate 
was  used  as  immunogen.  The  antigen 
is  present  both  in  the  endomysium 
around  individual  muscle  fibers  and  in 
the  perimysium  which  surrounds  bun- 
dles of  fibers.  The  staining  of  perimy- 
sium indicates  that  the  antigen  is  a 
component  of  reticular  connective  tis- 
sue, and,  while  it  is  possible  that  the 
antigen  might  extend  into  the  basal 
lamina,  it  is  certainly  not  limited  to  that 
region.  In  culture,  discrete  patches  of 
39  matrix  accumulate  on  the  surfaces 
of  myotubes.  We  find  that  some  of  these 
patches  coincide  with  acetylcholine  re- 
ceptor clusters  on  the  myotubes  (see  be- 
low). 

Using  antibody  39,  we  have  been  able 
to  identify  soluble  antigen  among  the 
secreted  products  synthesized  in  pri- 
mary chicken  muscle  cultures  (contain- 
ing myotubes  and  fibroblasts).  Antibody 


39  specifically  precipitates  a  doublet  of 
polypeptides  with  molecular  weights  of 
approximately  130,000  and  140,000 
daltons  as  well  as  a  polypeptide  with 
an  apparent  molecular  weight  of  255,000 
daltons.  These  polypeptides  are  not  sen- 
sitive to  purified  bacterial  collagenase. 

We  have  examined  the  distribution 
of  different  matrix  antigens  in  relation 
to  acetylcholine  receptor  (AChR)  clus- 
ters on  cultured  chick  myotubes.  The 
five  antigens  studied  were  33,  31  (anti- 
laminin),  39,  B3  (anti-fibronectin),  and 
35.  The  in  vivo  distributions  of  33,  31, 
39,  and  B3  antigens  have  been  de- 
scribed above  or  in  previous  Year  Books. 
Antibody  35  stains  a  diffuse  network, 
which  extends  between  adjacent  mus- 
cle fibers.  Our  results  indicate  that  the 
extent  of  co-localization  of  the  different 
antigens  with  AChR  clusters  varies 
dramatically.  Basal  lamina  antigens 
most  closely  co-localize.  Patches  of  33 
antigen  are  almost  invariably  associ- 
ated with  AChR  clusters.  In  all  cultures 
scored,  greater  than  97%  of  the  AChR 
clusters  had  detectable  amounts  of  as- 
sociated antigen,  and  the  distribution 
of  antigen  within  the  patches  closely 
correlated  to  that  of  the  receptors.  Lam- 
inin was  also  detected  at  the  majority 
of  AChR  clusters,  but  its  presence  tended 
to  be  more  variable.  In  different  sets  of 
cultures  the  percentage  of  AChR  clus- 
ters with  associated  laminin  varied  be- 
tween 70-95%.  Further,  unlike  the  case 
of  33  antigen,  staining  often  appeared 
very  weak  with  only  traces  of  laminin 
detectable.  Fibronectin,  which  may  ex- 
tend into  the  basal  lamina  but  clearly 
is  not  limited  to  this  layer  of  matrix, 
co-localizes  with  a  much  smaller  subset 
of  AChR  clusters  (—20%),  and  antigen 
39  is  present  at  only  8%  of  AChR  clus- 
ters. Antigen  35  is  present  at  less  than 
2%  of  AChR  clusters.  It  thus  appears 
that  AChR  clusters  may  represent  foci 
of  matrix  accumulation  and  that  anti- 
gens present  in  the  basal  lamina  most 
closely  correspond  to  AChR  accumula- 
tions. 

From  this  study,  two  hypotheses 
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emerge  which  will  serve  as  framework 
for  further  investigations.  One  hypoth- 
esis is  that  the  remarkable  congruence 
of  AChR  clusters  and  overlying  layers 
of  33  antigen  signify  some  direct  or  close 
molecular  linkage  between  these  two 
sets  of  molecules.  The  second  hypoth- 
esis is  that  the  frequency  of  co-locali- 
zation of  the  various  extracellular 
matrix  antigens  with  AChR  clusters  is 
a  manifestation  of  the  temporal  order 
of  interaction  and  spatial  order  for 
buildup  of  the  extracellular  material 
around  muscle  fibers. 


Nerve-Induced  Deposition  of  Basal 

Lamina  Proteoglycan  during 

Synaptogenesis 

M.  John  Anderson 

We  have  used  hybridoma  techniques 
to  generate  monoclonal  antibodies  which 
identify  macromolecular  components 
concentrated  within  the  basal  lamina 
at  the  frog  neuromuscular  junction  (Year 
Book  80).  Similar  antigens  are  also 
present  in  other  basal  laminae,  most 
prominently  in  lamina  associated  with 
the  vascular  endothelium.  Over  the  past 
year  these  antibodies  have  all  been  found 
to  precipitate  a  similar  very-high-mo- 
lecular-weight component  secreted  by 
mixed  cultures  of  skeletal  muscle  and 
connective  tissue  cells.  The  antigen  can 
be  metabolically  labeled  with  both  35S- 
methionine  and  35S-sulphate  and  shows 
sensitivity  to  degradation  by  hepari- 
nase  but  not  chondroitinase.  It  is  thus 
likely  to  represent  one  of  the  heparan 
sulphate  proteoglycans  thought  to  be 
associated  with  the  basal  lamina. 

In  other  experiments,  electron  micro- 
scope autoradiography  has  been  used  to 
confirm  that  the  binding  sites  for  125I- 
labeled  antibody  are  in  fact  associated 
with  the  basal  lamina  of  skeletal  mus- 
cle fibers,  rather  than  with  the  plasma 
membrane  or  more  distal  components 
of  muscle  extracellular  matrix.  The 
quantitative  capability  of  this  ultra- 
structural    immunoautoradiographic 


technique  also  allowed  a  direct  com- 
parison of  antigen  site  densities  in  ad- 
jacent synaptic  and  extrasynaptic  basal 
lamina.  After  correcting  these  obser- 
vations for  the  increase  in  the  surface 
area  of  synaptic  basal  lamina  provided 
by  secondary  junctional  folds  of  the  post- 
synaptic membrane,  it  became  clear  that 
the  heparan  sulphate  proteoglycan  rec- 
ognized by  the  antibody  is  enriched  at 
least  sixfold  within  the  synaptic  cleft 
compared  with  similar-appearing  re- 
gions of  basal  lamina  elsewhere  on  the 
muscle  cell. 

Light-microscope  immunocytochem- 
istry  has  also  been  used  to  examine  the 
manner  in  which  this  localized  chemi- 
cal specialization  of  basal  lamina  pro- 
teoglycan arises  during  the  embryonic 
development  of  the  neuromuscular 
junction  (Fig.  10).  Embryonic  muscle 
cells  developing  in  culture  show  a  con- 
spicuously nonuniform  distribution  of 
this  basal  lamina  component,  even  in 
the  absence  of  innervation.  This  con- 
sists of  a  varied  assortment  of  plaques 
and  fine  fibrils  scattered  over  the  mus- 
cle cell  surface.  Some  of  these  proteo- 
glycan plaques  are  associated  with 
homologous  aggregates  of  ACh  recep- 
tors in  the  adjacent  sarcolemma.  Pre- 
vious experiments  in  denervated  adult 
frog  muscle  have  suggested  that  grow- 
ing nerve  fibers  might  seek  out  preex- 
isting chemical  specializations  of  basal 
lamina  during  synaptogenesis.  We  have 
made  successive  observations  of  muscle 
basal  lamina  proteoglycan  organiza- 
tion during  the  development  of  embry- 
onic Xenopus  neuromuscular  junctions 
in  cell  culture,  where  the  cells  are  al- 
lowed to  develop  in  the  presence  of  mon- 
oclonal antibody  covalently  labeled  with 
the  fluorescent  dye  tetramethylrhoda- 
mine.  These  observations  indicate  that 
the  localized  concentration  of  basal 
lamina  proteoglycan  within  the  syn- 
aptic cleft  arises  after  the  establish- 
ment of  nerve-muscle  contact.  Further 
experiments,  wherein  antigenic  sites 
present  on  cultured  embryonic  muscle 
cells  before  and  after  the  addition  of 


Fig.  10.  Localization  of  basal  lamina  proteoglycan  at  neuromuscular  junctions  formed  in  a  culture 
of  Xenopus  laevis  nerve  and  muscle  cells.  The  culture  was  stained  with  fluoroscein-labeled  antibody 
to  basal  lamina  proteoglycan  and  tetramethylrhodamine-labeled  a-bungarotoxin,  and  viewed  alive. 
The  micrographs  show  the  corresponding  accumulations  of  acetylcholine  receptors  (A)  and  basal 
lamina  proteoglycan  (B)  along  paths  of  nerve-muscle  contact  (note  arrows)  visible  in  phase-contrast 
optics  (C). 
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neural  tissue  to  muscle  cultures  were 
differentially  labeled  with  contrasting 
fluorochromes,  also  indicated  that  the 
plaque  of  basal  lamina  proteoglycan  at 
the  embryonic  neuromuscular  junction 
contains  primarily  proteoglycan  that 
was  deposited  on  the  muscle  cell  surface 
after  adding  nerve  cells  to  muscle  cul- 
tures. 

Taken  together,  these  observations 
strongly  suggest  that  the  developing 
cholinergic  nerve  fiber  induces  a  local- 
ized deposition  of  recently  synthesized 
basal  lamina  proteoglycan  at  the  site 
of  nerve-muscle  contact  during  the  de- 
velopment of  the  neuromuscular  junc- 
tion. Furthermore,  these  early  synaptic 
accumulations  of  basal  lamina  proteo- 
glycan are  associated  with  morpholog- 
ically similar  sites  of  high  ACh  receptor 
density  in  the  adjacent  postsynaptic 
sarcolemma. 


Role  of  Extracellular  Matrix  in 
Muscle  Morphogenesis 

Matthias  Chiquet 

Muscle  morphogenesis  includes  the 
mechanisms  by  which  myoblasts  mi- 
grate into  the  limb  bud  and  form  mus- 
cle masses,  which  separate  into  the 
discrete  muscles  of  the  adult,  complete 
with  target  tendons  and  proper  inner- 
vation. There  is  some  evidence  and  a 
theoretical  framework  for  the  idea  that 
extracellular  matrix,  elaborated  largely 
by  nonmuscle  cells,  guides  myoblast 
migration  and  plays  a  key  role  in  later 
stages  of  muscle  development  and  even 
in  proper  innervation.  Thus,  we  are  fo- 
cusing on  the  origin  of  different  extra- 
cellular matrix  components  during 
muscle  formation.  This  matter  may  well 
be  at  the  heart  of  how  different  cell  types 
(muscle,  connective-tissue,  neural,  and 
endodermal  cells)  interact  with  each 
other  and  transfer  information  during 
muscle  morphogenesis.  We  therefore  are 
isolating  non-crossreacting  monoclonal 
antibodies  against  extracellular  matrix 
molecules  of  different  species.  Used  in 


mixed  cultures  containing  one  cell  type 
from  one  species  (e.g.,  chick  myoblasts) 
and  another  cell  type  from  a  second  spe- 
cies (e.g.,  rat  fibroblasts),  the  species- 
specific  antibodies  can  be  used  as  probes 
for  the  matrix  components  produced  by 
the  two  different  cell  types. 

Monoclonal  antibodies  against  rat 
serum  fibronectin  were  isolated  as  de- 
scribed previously  (Year Book  80);  four 
hybridomas  were  cloned  and  one  of  the 
antibodies,  M9,  was  characterized  fur- 
ther. Immunofluorescence  staining  of 
rat  (but  not  chick)  fibroblast  cultures 
with  M9  codistributed  with  the  fibro- 
nectin pattern  revealed  by  an  anti-fi- 
bronectin  antiserum;  moreover,  this 
antiserum  inhibited  the  precipitation 
by  M9  antibody  of  an  Mr  =  230,000 
polypeptide  (corresponding  to  the  fibro- 
nectin subunit)  from  conditioned  me- 
dium of  rat  fibroblasts  labeled  with  35S- 
methionine.  A  chick-specific  anti-fibro- 
nectin  called  B3  was  isolated  earlier  by 
J.  Gardner  {Year  Book  80).  Only  M9, 
but  not  B3,  antibody  precipitated  la- 
beled fibronectin  from  rat  fibroblast 
conditioned  medium.  The  reverse  was 
true  for  chick  fibroblast  medium, 
whereas  both  antibodies  precipitated  the 
respective  antigens  from  conditioned 
medium  of  a  mixed  chick-rat  culture 
(Fig.  11).  The  two  antibodies  can  there- 
fore be  used  to  reveal  the  contribution 
of  chick  myogenic  and  rat  fibrogenic  cells 
to  fibronectin  deposition  in  a  common 
matrix. 

In  parallel,  we  were  trying  to  expand 
our  library  of  monoclonal  antibodies 
against  chick  extracellular  matrix  com- 
ponents. Efforts  to  isolate  an  antibody 
against  chick  Type  V  collagen  {Year 
Book  80)  have  failed  so  far,  but  from 
these  fusions  we  purified  antibodies  di- 
rected against  pepsin-resistant  do- 
mains of  several  matrix  proteins.  One 
of  them,  called  M6,  recognizes  an 
Mr  =  50,000  pepsin-resistant  domain 
of  chick  fibronectin  located  in  the  (non- 
gelatin-binding)  Mr  =  160,000  plas- 
minolysis  fragment  of  the  native  sub- 
unit.  (In  contrast,  antibody  B3  seems  to 
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Fig.  11.  Fibronectin  production  in  mixed  chick- 
rat  cultures  revealed  by  species-specific  anti-fi- 
bronectin  antibodies.  Immunoprecipitations  were 
made  from  medium  conditioned  by  35S-methio- 
nine-labeled  chick  fibroblasts  (a-c),  rat  fibro- 
blasts (d-f),  and  mixed  rat-chick  cultures  (g-i) 
with  anti-rat  fibronectin  M9  (a,d,g),  anti-chick 
fibronectin  B3  (b,e,h)  and  mouse  control  IgG  (c,f,i). 
Immunoprecipitates  were  electrophoresed  on  a  5- 
15%  polyacrylamide-SDS  gel  and  the  gel  was 
fluorographed. 


bind  to  the  C-terminal  end  of  chick  fi- 
bronectin containing  the  interchain  S- 
S  bridges.)  Another  antibody,  Ml,  rec- 
ognizes a  Mr  =  80,000  pepsin-resistant 
fragment  of  a  yet-unknown  chick  ex- 
tracellular matrix  component,  as  was 
shown  by  immunoprecipitation  with  Ml 
from  pepsin-treated  conditioned  me- 
dium of  35S-methionine-labeled  cells 
(Fig.  12).  From  medium  not  treated  with 
pepsin,  Ml  antibody  precipitated  four 
labeled  peptides  of  Mr  =  200,000, 
190,000, 180,000,  and  150,000  (Fig.  12). 
The  relationship  between  the  different 
bands  is  not  yet  known.  Ml  antigen  is 
a  major  secretory  component  of  both 
chick  fibroblast  and  myoblast  cultures, 
and  is  deposited  as  fine  patches  or  fi- 
brils on  the  culture  dish.  In  adult  chick 
muscle,  it  is  located  around  capillaries 
and  in  the  endomysium  around  single 
muscle  fibers  (but  not  in  the  perimy- 
sium and  epimysium)  (Fig.  12). 


Because  of  its  abundance  and  inter- 
esting in  vivo  distribution,  Ml  antigen 
was  chosen,  together  with  fibronectin, 
for  a  pilot  study  of  the  influence  of  rat 
fibroblasts  upon  secretion  of  these  com- 
ponents by  chick  primary  myogenic  cells. 
In  two  different  experiments,  the  ratio 
of  Ml  antigen  to  fibronectin  released 
by  chick  primary  myogenic  cells  was 
found  to  be  significantly  increased  in 
chick  cultures  containing  10-40%  rat 
fibroblasts  as  compared  to  control  cul- 
tures. We  are  thus  able  to  detect,  in 
principle,  changes  in  the  synthesis  of 
extracellular  matrix  components  by 
myogenic  cells  in  response  to  the  pres- 
ence of  other  cell  types  and  against  a 
high  background  of  matrix  synthesized 
by  these  nonmyogenic  cells. 


Skeletal  Muscle  Insulin 
Receptors 

Adina  Student 

Although  the  mechanism  of  insulin 
action  is  unclear,  it  is  known  that  the 
initial  cellular  event  is  the  binding  of 
insulin  to  its  cell  surface  receptor.  Reg- 
ulation of  cellular  insulin  receptor  con- 
centration is  believed  to  be  a  major  factor 
in  the  modulation  of  target-cell  respon- 
siveness. Alterations  in  insulin  recep- 
tor level  have  been  detected  in  a  variety 
of  cell  types  in  response  to  different 
phenomena.  Insulin  receptor  number 
decreases  in  cells  exposed  to  high  am- 
bient insulin  concentration,  an  effect 
termed  "down-regulation."  In  contrast, 
the  level  of  cell  surface  insulin  recep- 
tors increases  in  muscle  during  myoge- 
nesis.  Although  muscle  is  one  of  the 
major  target  tissues  of  insulin,  little  is 
known  about  its  insulin  receptor.  The 
aim  of  this  research  project  is  twofold: 
(1)  to  understand  muscle  cell  respon- 
siveness to  insulin  by  studying  the  reg- 
ulation of  the  metabolism  of  its  cell 
surface  insulin  receptor  and  (2)  to  study 
the  dynamics  of  the  muscle  membrane 
by  investigating  the  metabolism  of  in- 
sulin receptors. 
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Fig.  12.  Characterization  of  Ml-antigen.  (a-d)  Polypeptides  precipitated  by  Ml  antibody  from 
chick-conditioned  medium  labeled  with  35S-methionine.  Immunoprecipitations  were  made  from  fresh 
(a,b)  or  pepsin-treated  (2  mg/ml  for  24  h)  (c,d)  conditioned  medium  with  antibodies  Ml  (a,c)  or  B3 
(b,d).  5-15%  polyacrylamide  gel  containing  SDS  and  mercaptoethanol.  (e)  Cryosection  of  adult  chick 
ALD  muscle  stained  with  Ml  antibody  and  fluorescein-labeled  second  antibody.  Note  that  the 
endomysium,  but  not  the  perimysium,  is  stained. 


Both  goals  require  thorough  prelim- 
inary characterization  of  the  muscle  in- 
sulin receptor.  The  cells  used  in  all  the 
experiments  are  derived  from  chick  em- 
bryo pectoral  muscle.  In  order  that  our 
binding  data  reflect  receptors  on  the 
muscle  cell  surface  only,  we  have  taken 
precautions  to  generate  muscle  cul- 
tures having  less  than  5%  contamina- 
tion by  fibroblasts.  Futhermore,  our 
experiments  have  been  designed  to  in- 
sure that  our  insulin  receptor  binding 
assay  measures  a  specific  cellular  in- 
sulin receptor  which  meets  pertinent 
criteria  such  as  specificity,  saturabil- 
ity,  and  high  affinity. 

Prior  to  determination  of  insulin 
binding  capacity,  cell  monolayers  are 
thoroughly  washed  at  37°C  in  serum 
and  embryo  extract-free  medium  to  en- 
sure removal  of  bound  insulin.  Cell 
monolayers  are  then  exposed  at  23°  or 
4°C  to  fresh  medium  containing  125I-in- 
sulin.  Extensively  washed  monolayers 


are  then  solubilized  in  1%  SDS  for  de- 
termination of  the  quantity  of  125I-hor- 
mone  ("total")  bound  to  the  cells.  This 
value  is  corrected  for  "nonspecific" 
binding  by  subtracting  from  "total"  125I- 
insulin  bound,  the  amount  of  125I-in- 
sulin  bound  in  the  presence  of  greater 
than  a  100-fold  excess  of  unlabeled  na- 
tive insulin.  Using  these  assay  condi- 
tions, we  have  determined  that  in  this 
system  nonspecific  binding  is  less  than 
10%  at  concentrations  of  insulin  where 
binding  is  physiologically  relevant. 

The  pH  optimum  has  been  deter- 
mined over  the  range  of  from  6.2  to  8.0, 
with  a  resulting  maximum  for  specific 
binding  at  pH  7.8.  Nonspecific  binding 
was  relatively  pH  independent.  Appar- 
ent equilibrium  is  obtained  after  two 
hours  of  assay  at  23°  and  is  maintained 
for  at  least  five  hours.  To  avoid  inter- 
nalization of  ligand,  many  of  our  bind- 
ing assays  are  carried  out  at  4°.  Reaching 
equilibrium  takes  eight  hours  and  is 
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maintained  at  least  through  24  hours. 
125I-insulin  degradation  is  minimal 
during  the  binding  assay  as  indicated 
by  two  criteria:  (1)  comparison  of  TCA 
precipitability  at  the  beginning  and  end 
of  the  assay  (100%)  and  (2)  the  ability 
of  a  second  set  of  cultures  to  bind  125I- 
insulin  from  assay  medium  already  used 
to  assay  a  first  set  of  cultures  (97%). 
Cells  preincubated  for  two  hours  in  as- 
say medium  (minus  insulin)  prior  to  the 
actual  assay  retain  greater  than  95% 
of  their  binding  capacity,  suggesting  that 
little  if  any  receptor  degradation  occurs 
during  the  assay. 

With  the  binding  assay  characterized 
and  optimized,  we  are  able  to  generate 
binding  isotherms  and  corresponding 
Scatchard  plots,  which  indicate  that 
there  are  about  5,000  receptor  sites  per 
cell  equivalent  on  the  surface  of  five- 
day-old  chick  myotubes,  with  a  disso- 
ciation constant  (KD)  for  the  high-affin- 
ity site  of  10  9  M.  We  are  now  able  to 
investigate  changes  in  insulin  receptor 
number  and/or  affinity  during  differ- 
entiation, as  well  as  by  ligand  modu- 
lation. Ultimately,  we  would  like  to 
study  the  metabolism  of  the  insulin  re- 
ceptor in  chick  myotubes,  and  deter- 
mine how  the  metabolism  of  the  insulin 
receptor  is  regulated  by  muscle  differ- 
entiation and  in  response  to  insulin. 


Intracellular  Protein  Transport 
in  Muscle  and  Fibroblast  Cells 

Jennifer  Lippincott  Schwartz 

Our  lab  is  employing  monoclonal  an- 
tibodies to  study  intracellular  protein 
transport  as  it  relates  to  the  regulation 
of  protein  populations  on  muscle  and 
fibroblast  cell  surfaces.  Of  particular 
interest  to  us  are  whether  plasma  mem- 
brane proteins  and  secretory  proteins 
are  targeted  to  the  cell  surface  through 
a  single  vesicular  transport  system  and 
whether  cell  surface  proteins  are  sub- 
sequently removed  for  degradation  by 
one  or  multiple  mechanisms.  To  inves- 
tigate these  questions,  we  are  seeking 


to  describe  and  compare  the  intracel- 
lular routes  taken  by  several  mem- 
brane and  secretory  proteins  using 
pharmacological  and  immunological 
probes  to  label  the  transported  proteins 
and  their  associated  structures.  Two  of 
the  most  promising  probes  are  mono- 
clonal antibodies  derived  from  a  fusion 
between  myeloma  nonsecretory  cells  and 
spleen  cells  of  a  mouse  that  had  been 
immunized  with  purified  chick  liver 
coated  vesicles. 

Antibody  secreted  by  hybridoma  B8 
recognizes  an  intracellular  antigen  dis- 
tributed through  the  cytoplasm  of  both 
fibroblast  and  muscle  cells.  We  are  in- 
terested in  this  antigen  because  of  the 
possibility  that  it  is  a  component  of  the 
coated-vesicle  transport  system  in  cells. 
Clathrin-coated  vesicles  have  been  pro- 
posed to  mediate  adsorptive  endocyto- 
sis  and  other  intracellular  membrane 
translocations  in  eukaryotic  cells.  B8 
antibody  shows  high  affinity  binding  to 
purified  coated  vesicles  and  has  been 
used  to  precipitate  the  antigen  from  sol- 
ubilized  coated-vesicle  preparations. 
Moreover,  the  immunofluorescent 
staining  of  fibroblasts  with  B8  antibody 
resembles  the  immunofluorescent  pat- 
tern of  anti-coated  vesicle  antibodies 
published  in  other  labs — a  fine,  punc- 
tate distribution  located  throughout  the 
cytoplasm.  Immunoprecipitation  of  the 
B8  antigen  from  35S-methionine-la- 
beled  fibroblast  cultures  has  been  suc- 
cessful in  cells  extracted  with  or  without 
detergent.  Fluorograms  of  the  immu- 
noprecipitates  analyzed  by  SDS-PAGE 
showed  a  specific  protein  band  esti- 
mated at  230,000  daltons.  We  plan  to 
use  the  B8  antibody  to  label  vesicles  of 
the  coated-vesicle-mediated  transport 
pathway  to  determine  whether  both  se- 
cretory and  membrane  proteins  use  this 
pathway  in  their  journeys  to  the  sur- 
faces of  cells. 

A  second  monoclonal  antibody,  CV24, 
recognizes  an  antigen  found  both  on  the 
surface  and  within  the  cytoplasm  of  fi- 
broblast and  muscle  cells.  The  intra- 
cellular distribution  of  the  antigen  was 
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determined  by  fixing  cells  with  2%  for- 
maldehyde, blocking  their  surface  sites 
with  unlabeled  antibody,  and  then 
making  permeable  the  cells  with  0.5% 
saponin  to  allow  penetration  of  fluores- 
cently  labeled  antibody  to  intracellular 
sites.  Immunofluorescence  performed 
in  this  manner  revealed  spotty  pat- 
terns, often  with  a  perinuclear  concen- 
tration. This  distribution  of  intracellular 
antigen  co-localized  significantly  with 
acid  phosphatase  staining  carried  out 
on  the  same  cells  (Fig.  13),  thus  sug- 
gesting that  the  intracellular  antigenic 
sites  are  on  lysosomes.  Preliminary  re- 
sults of  an  immuno-histochemical  study 
at  the  electron  microscope  level,  using 
HRP-conjugated  CV24,  also  support  a 
lysosomal  location  of  antigen. 


The  CV24  antigen  has  been  identi- 
fied by  immunoprecipitation  and  par- 
tially characterized  biochemically,  to 
compare  it  with  other  known  mem- 
brane proteins.  CV24  antigen  was  im- 
munoprecipitated  from  a  detergent 
extract  of  35S-methionine-labeled  fibro- 
blast cultures.  Fluorograms  of  the  im- 
munoprecipitate  analyzed  by  SDS- 
PAGE  revealed  a  specific  protein  band 
of  apparent  molecular  weight  100,000 
daltons.  No  such  specific  band  was  found 
in  immunoprecipitates  of  extracts  from 
cells  treated  with  tunicamycin  prior  to 
and  during  metabolic  labeling.  This  in- 
hibition of  biosynthesis  of  the  CV24  an- 
tigen in  cells  treated  with  tunicamycin 
is  probably  due  to  action  of  the  tuni- 
camycin in  blocking  glycosylation  of  new 


Fig.  13.  Co-localization  between  acid  phosphatase  staining  and  immunofluorescent  labeling  of 
intracellular  CV24  antigen  on  cultured  chick  fibroblasts.  Upper  panel  (A)  shows  a  phase-contrast 
micrograph  of  acid  phosphatase  staining  on  a  fibroblast;  lower  panel  (B)  shows  fluorescence  due  to 
fluorescein-labeled  CV24  antibody  on  the  same  cell.  The  bar  in  (B)  represents  20  |xm. 
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polypeptide  chains,  leading  to  loss  of 
antibody-antigen  recognition.  These 
results  suggest  that  CV24  antigen  is  a 
membrane-bound  glycoprotein.  Like  B8 
antibody,  CV24  antibody  binds  with 
high  affinity  to  a  component  of  coated- 
vesicle  preparations,  and  C V24  antigen 
can  be  immunoprecipitated  from  these 
preparations. 

Several  unusual  features  of  the  CV24 
antigen  make  it  an  especially  interest- 
ing tool  in  examining  questions  related 
to  protein  transport  to  and  from  the  cell 
surface.  The  antigen  appears  to  be 
unique  in  that  its  intracellular  popu- 
lation is  twenty  times  larger  than  the 
number  of  antigenic  sites  on  the  plasma 
membrane.  Moreover,  the  intracellular 
pool  of  antigen  seems  to  be  predomi- 
nantly on  lysosomes — the  endpoint  of 
many  intracellular  transport  path- 
ways. Further,  CV24  antigen  appears 
to  shuttle  between  surface  and  internal 
compartments. 

Experiments  designed  to  investigate 
the  relationship  between  the  cell  sur- 
face and  internal  pools  of  CV24  antigen 
showed  apparent  movement  of  antigen 
tagged  with  antibody  from  surface  to 
internal  regions  of  the  cell.  Low  con- 
centrations of  CV24  antibody  were  added 
to  the  medium  of  live  cultured  muscle 
cells.  After  a  suitable  incubation  period 
(5-12  h)  for  antibody  binding  and  up- 
take, the  cells  were  fixed  and  the  sur- 
face and  internal  pools  of  antibody  that 
had  accumulated  were  analyzed  by  in- 
direct immunofluorescence.  The  sur- 
face pool  of  CV24  antibody  that  had 
accumulated  during  incubation  was  de- 
tected by  allowing  rhodamine-labeled 
rabbit  anti-mouse  IgG  to  bind  to  the 
fixed,  unpermeabilized  cells.  After  com- 
pletion of  surface  labeling  with  the  rho- 
damine  antibody,  the  cells  were  made 
permeable,  and  fluorescein-labeled  goat 
anti-mouse  IgG  was  applied  to  label  the 
internalized  CV24.  Visualization  of  the 
two  pools  of  antibody  by  fluorescence 
microscopy  showed  that  a  significant 
amount  of  antibody  had  been  internal- 
ized and  that  only  a  very  small  amount 


of  antibody  remained  on  the  surface. 
When  these  experiments  were  carried 
out  with  other  antibodies  which  rec- 
ognized intracellular  or  nonspecific  sites 
on  the  muscle  cells,  no  such  specific  up- 
take was  observed.  This  kind  of  selec- 
tive uptake  of  CV24  antibody  by  muscle 
cells  and  fibroblasts  was  most  marked 
in  cells  treated  with  chloroquine  to  in- 
hibit degradation  of  antibody  by  lyso- 
somal hydrolases  after  the  antibody  was 
internalized.  Preliminary  results  using 
125I-CV24  antibody  showed  that  after 
five  hours  of  incubation  with  labeled 
antibody  in  the  medium,  50%  of  the  to- 
tal internal  antigenic  binding  sites 
within  the  cells  were  labeled  with  an- 
tibody taken  up  from  the  medium.  Pos- 
sible explanations  for  this  selective 
uptake  phenomenon,  which  we  are  now 
investigating,  include  (1)  antibody  up- 
take due  to  recycling  of  antigen  be- 
tween surface  and  internal  pools, 
(2)  antibody  uptake  as  part  of  the  path- 
way of  localization  of  the  antigen  to  ly- 
sosomes, requiring  a  plasma  membrane 
route  of  transport,  and  (3)  antibody  up- 
take as  part  of  a  specialized  receptor- 
mediated  endocytotic  event  involving 
coated  vesicles. 


Biosynthesis  and  Assembly  of  the 
Na/K  ATPase  of  Skeletal  Muscle 

Douglas  M.  Fambrough 

Among  the  muscle  plasma  mem- 
brane antigens  we  have  defined  by  in- 
teraction with  monoclonal  antibodies, 
one  antigen  has  been  identified  tenta- 
tively as  the  Na/K  ATPase  or  "sodium 
pump."  This  identification  is  based  on 
three  types  of  evidence.  First,  the  gen- 
eral molecular  features  of  the  antigen 
are  approximately  what  would  be  ex- 
pected from  what  is  known  about  the 
Na/K  ATPase  of  other  species.  These 
features  include  number  of  subunits, 
approximate  sizes  of  subunits,  and  de- 
gree of  glycosylation  of  each  subunit. 
Second,  the  number  of  molecules  of  oua- 
bain (a  specific  ligand  for  the  Na/K  AT- 
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Pase)  that  bind  to  cultured  myotubes 
is,  within  experimental  error,  the  same 
as  the  number  of  antibody  subunits  that 
can  bind  to  the  same  myotubes.  These 
values  were  4.76  x  105  ouabain-bind- 
ing  sites  and  4.38  x  105  antibody  sub- 
unit  sites  per  myotube  nucleus.  In 
preliminary  experiments,  stressing 
myogenic  cultures  by  growth  in  low-po- 
tassium medium  resulted  in  an  in- 
crease in  number  of  antibody  sites,  as 
expected  for  up-regulation  of  the  Na/K 
ATPase  under  these  conditions.  Third, 
the  antigen  is  localized  at  fairly  high 
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Fig.  14.  Autoradiograph  of  an  SDS-polyacry- 
lamide  gel  electrophoreogram  illustrating  sub- 
unit  composition  of  pulse-labeled  antigen  from 
normal  chick  muscle  cultures  (left  lane)  and  from 
cultures  teated  with  tunicamycin  to  block  the  ad- 
dition of  oligosaccharide  chains  to  the  polypep- 
tides during  biosynthesis  (right  lane).  The  antigen 
consists  of  subunits  with  apparent  molecular 
weights  113,000  and  47,000  daltons.  The  161,000- 
dalton  component  is  a  1:1  complex  of  the  two  ma- 
jor polypeptide  chains,  and  the  40,000-dalton 
component  is  an  intermediate  in  the  glycosyla- 
tion  of  the  47,000-dalton  mature  light  chain. 


concentration  in  two  membrane  sys- 
tems whose  principal  functions  should 
include  sodium  and  potassium  ion 
transport:  the  T-tubule  system  of  skel- 
etal muscle  and  the  myelinated  por- 
tions of  axons  of  peripheral  nerve.  Both 
these  membrane  systems  are  out  of  di- 
rect contact  with  the  usual  extracellu- 
lar milieu  and  may  well  lack  many  of 
the  normal  plasma  membrane  func- 
tions of  muscle  and  nerve. 

The  antigen  has  been  isolated  in  rel- 
atively large  quantities  from  chicken 
brain  and  kidney.  From  these  sources 
and  from  myogenic  cells  in  culture  the 
antigen  has  a  characteristic  structure 
revealed  by  electrophoresis  in  SDS-po- 
lyacrylamide  gels.  The  antigen  consists 
of  the  two  major  polypeptide  chains  that 
we  will  call  heavy  and  light  chains.  Fig- 
ure 14  is  an  autoradiograph  of  an  SDS- 
polyacrylamide  gel  electrophoreogram 
of  two-hour  pulse-labeled  muscle  anti- 
gen, purified  by  affinity  techniques  us- 
ing the  monoclonal  antibody.  The  left 
lane  illustrates  the  subunit  pattern  of 
pulse-labeled  antigen  made  under  nor- 
mal conditions  and  the  right  lane  the 
pattern  of  antigen  synthesized  in  the 
presence  of  tunicamycin,  which  pre- 
vents the  addition  of  oligosaccharide 
chains  to  the  subunits.  Comparing  the 
lanes,  we  see  that  the  heavy  chain  is 
unaltered  in  size  while  the  light  chain 
made  in  the  presence  of  tunicamycin 
has  an  apparent  molecular  weight  of 
32,000  instead  of  the  normal  47,000. 
From  this,  we  conclude  that  the  heavy 
and  light  polypeptide  chains  have  ap- 
parent molecular  weights  of  about 
113,000  and  32,000  respectively,  and 
that  the  heavy  chain  is  not  normally 
glycosylated  while  the  light  chain  is  ex- 
tensively glycosylated.  Using  iodinated 
lectins  to  probe  SDS  gel  separations  of 
chick  brain  and  kidney  antigen,  we  have 
found  that  the  light  chain  interacts  se- 
lectively with  wheat  germ  agglutinin 
(indicating  its  complex  oligosaccharide 
content,  and  consistent  with  this  char- 
acteristic of  the  Na/K  ATPase  from  other 
sources). 
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Two  other  bands  present  in  the  elec- 
trophoreogram  of  normal  muscle  (Fig. 
14,  left  lane)  are  related  to  the  biosyn- 
thesis and  assembly  of  the  antigen.  The 
band  with  apparent  molecular  weight 
40,000  is  a  metabolic  precursor  to  the 
mature  light  chain.  The  band  at  161,000 
is  a  one-to-one  complex  of  heavy  and 
light  chains.  When  chick  myotubes  are 
pulse  labeled  with  35S-methionine  for 
ten  minutes,  the  principal  labeled  sub- 
units  of  antigen  are  the  113,000-dalton 
heavy  chain  and  the  40,000-dalton  light 
chain.  None  of  the  47,000-dalton  light 
chain  is  evident.  However,  when  such 
cells  are  then  chased  for  up  to  60  min- 
utes in  the  absence  of  label,  the  40,000- 
dalton  light  chain  precursor  disappears 
as  the  mature  47,000-dalton  form  ac- 
cumulates. Even  in  an  hour  chase,  a 
little  of  the  40,000-dalton  form  re- 
mains. These  aspects  of  antigen  biosyn- 
thesis are  illustrated  in  Fig.  15,  where 
one  can  also  see  that  several  precursor 
forms  of  lower  molecular  weight  than 
40,000  are  labeled  in  a  short  pulse. 
Careful  analysis  of  these  shows  that 
there  are  three  discrete  molecular 
weight  forms  below  40,000:  at  32,000, 
35,000,  and  38,000.  The  lowest  of  these 
presumably  represents  the  unglycosy- 
lated  polypeptide,  and  the  35,000-, 
38,000-,  and  40,000-dalton  forms  rep- 
resent three  rapid  additions  of  high 
mannose  oligosaccharides  to  asparagi- 
nyl  residues  of  the  light  chain.  This 
interpretation  is  strengthened  by  the 
results  of  digestion  of  pulse-labeled  an- 
tigen with  endoglycosidase  H.  This  en- 
zyme removes  the  mannose-rich 
oligosaccharides  from  glycoproteins,  but 
will  not  digest  the  more-complex  oli- 
gosaccharide chains  which  normally  re- 
sult from  modifications  of  the  mannose- 
rich  chains.  As  illustrated  in  the  right 
panel  of  Fig.  15,  the  40,000-dalton  light 
chain  precursor  is  converted  to  a  32,000- 
dalton  form  by  endo  H  digestion, 
whereas  the  mature  light  chain  at  47,000 
daltons  is  unaffected. 

These  studies  not  only  provide  some 
new  information  on  the  structure  of  the 
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Fig.  15.  (left  lanes)  Pulse-chase  analysis  of 
precursor  product  relationships  in  the  biosyn- 
thesis of  antigen.  Chick  muscle  cultures  were  la- 
beled for  10  min  with  35S-methionine  and  then 
some  cultures  were  chased  by  incubation  in  nor- 
mal medium  for  40  and  60  min.  The  cultures  were 
extracted  with  detergent  solution,  and  the  anti- 
gen was  purified  by  affinity  techniques  on  anti- 
body bound  to  Sepharose  beads  and  was  analyzed 
by  SDS-gel  electrophoresis  and  autoradiography. 
The  apparent  molecular  weight  of  the  113,000- 
dalton  heavy  chain  is  unchanged  during  the  course 
of  the  experiment,  whereas  the  light  chain  shows 
multiple  shifts  in  molecular  weight,  indicating 
glycosylations.  (right  lanes)  Sensitivity  of  man- 
nose-rich light  chain  precursor  to  endoglycosi- 
dase H.  Purified  antigen  (35S-methionine  labeled 
by  a  two-hour  pulse)  was  incubated  with  or  with- 
out endoglycosidase  H  and  then  its  subunit  struc- 
ture analyzed  by  SDS-polyacrylamide  gel 
electrophoresis  and  subsequent  autoradiography. 
The  40,000-dalton  light  chain  precursor  is  the 
only  sensitive  component,  being  converted  to  a 
32,000-dalton  form  by  the  enzyme. 


Na/K  ATPase  but  also  demonstrate  some 
interesting  aspects  of  glycoprotein  bio- 
synthesis in  skeletal  muscle.  The  fact 
that  both  heavy  and  light  chains  are 
recovered  by  affinity  purification  with 
monoclonal  antibody  from  an  extract  of 
proteins  labeled  in  the  presence  of  tun- 
icamycin  means  that  the  assembly  of 
heavy-light  chain  complexes  can  occur 
independently  of  glycosylation.  The  time 
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between  completion  of  polypeptide-chain 
synthesis  and  modification  of  oligosac- 
charide chains  to  the  complex  type  can 
be  estimated  from  the  pulse-chase  ex- 
periments to  be  about  twenty  minutes. 
This  modification  is  generally  believed 
to  be  a  function  localized  in  the  Golgi 


apparatus.  Thus,  these  data  are  consis- 
tent with  previous  work  on  acetylcho- 
line receptors,  which  identified  their 
main  intracellular  location  to  be  in  the 
Golgi  apparatus  for  the  period  between 
biosynthesis  and  arrival  at  the  plasma 
membrane. 


STRUCTURE,  PROPERTIES,  AND  METABOLISM  OF 
ACETYLCHOLINESTERASE  FROM  NERVES  AND  MUSCLES 

Richard  L.  Rotundo,  with  technical  assistance  of  Abbie  Mays 


The  central  theme  of  our  research 
concerns  the  mechanisms  whereby  spe- 
cific cell-cell  interactions  during  devel- 
opment result  in  changes  in  the 
synthesis,  assembly,  and  localization  of 
defined  cellular  components.  Our  stud- 
ies have  focused  on  the  enzyme  acetyl- 
cholinesterase (AChE),  which 
accumulates  at  the  sites  of  nerve-tar- 
get cell  contact  in  all  cholinergically  in- 
nervated tissues.  The  physiological  role 
of  this  protein  is  to  terminate  the  ac- 
tions of  the  neurotransmitter  acetyl- 
choline released  by  nerves  at  specialized 
regions  of  the  cell  surface  called  syn- 
apses. 

The  acetylcholinesterase  in  both 
nerves  and  muscle  consists  of  several 
molecular  forms  corresponding  to  dif- 
ferent oligomeric  states.  Both  tissues 
contain  monomers,  dimers,  and  tetra- 
mers  of  the  enzyme,  with  sedimenta- 
tion coefficients  of  5.6S,  7.4S,  and  11.5S, 
respectively.  In  addition,  muscle  cells 
synthesize  a  complex  form  of  AChE 
consisting  of  three  tetramers  cova- 
lently  linked  to  a  three-standard,  col- 
lagen-like tail.  This  unique  form  of 
AChE,  with  sedimentation  coefficient 
19. 5S,  is  rarely  found  in  nerves  and  ap- 
pears to  be  associated  predominantly 
with  the  specialized  regions  of  nerve- 
muscle  contact.  The  19. 5S  AChE  form 
is  a  special  interest  to  neurobiologists 
because  its  synthesis  and  localization 
at  synapses  appears  to  be  under  neural 
control,  and  it  thus  serves  as  an  excel- 


lent marker  of  nerve-muscle  interac- 
tions. 

In  this  Report  we  describe  several 
studies  indicating  that  the  AChE  forms 
from  neurons  and  muscle  are  biochem- 
ically distinct  proteins  differing  in  de- 
gree of  hydrophobicity.  This  is 
particularly  interesting  because  we  also 
show  that  these  two  families  of  mole- 
cules are  kinetically  and  immunologi- 
cally indistinguishable.  Additional 
studies  describe  some  unique  aggre- 
gation properties  of  the  hydrophobic 
neuronal  AChE.  We  have  also  begun  to 
study  the  synthesis  and  processing  of 
the  muscle  AChE  forms  in  culture.  Here 
we  find  that  muscle  cells  synthesize  at 
least  two  types  of  AChE  polypeptides, 
which  are  further  processed  to  yield  a 
complex  array  of  molecules  differing 
both  in  the  size  of  the  polypeptide  chain 
as  well  as  in  the  type  and  extent  of  gly- 
cosylation.  We  demonstrate  that  the  cell- 
associated  enzyme  consists  entirely  of 
AChE  polypeptides  containing  high- 
mannose  residues,  whereas  the  se- 
creted forms  of  the  enzyme  have  car- 
bohydrate residues  which  have  been 
processed  entirely  to  complex  sugars. 
Thus  one  difference  between  the  cell- 
associated  and  the  secreted  enzymes  is 
the  manner  whereby  these  molecules 
are  processed  in  the  Golgi  apparatus. 
Finally,  we  have  initiated  a  series  of 
studies  to  determine  the  distribution  of 
AChE  molecules  on  the  surface  plasma 
membrane  of  myotubes  in  vivo  and  in 
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tissue  culture.  Preliminary  evidence 
shows  that  while  the  surface  AChE 
molecules  in  intact  muscle  are  clus- 
tered at  the  neuromuscular  junction 
where  they  co-localize  with  the  acetyl- 
choline receptor,  the  surface  AChE  on 
tissue-cultured  muscle  cells  has  a  patchy 
distribution  and  only  occasionally  lo- 
calizes with  the  acetylcholine  receptor 
molecules. 

Structure  and  Properties  of 
Neuronal  Acetylcholinesterase 

We  previously  reported  the  purifi- 
cation of  acetylcholinesterase  from  adult 
chicken  brain  (Year Book  80).  This  par- 
ticular AChE  is  of  interest  because  it 
is  readily  available  in  relatively  large 
quantities  for  use  as  an  antigen  and 
because  it  is  a  unique  membrane-bound 
form  of  this  glycoprotein.  We  have  pur- 
sued several  studies  on  the  structure 
and  properties  of  this  enzyme,  since  it 
may  shed  some  light  on  the  structure 
and  metabolism  of  the  membrane-bound 
forms  of  AChE  in  muscle  tissue. 

The  predominant  form  of  AChE  in 
chicken  brain,  which  constitutes  95%  of 
the  total  enzyme  in  this  tissue,  is  a 
membrane-bound  glycoprotein  with  a 
sedimentation  coefficient  of  11. 4S.  The 
native  molecular  weight  of  the  purified 
protein  is  approximately  460,000  dal- 
tons  and  consists  of  four  115,000-dalton 
subunits.  Unlike  the  AChE  forms  iso- 
lated from  muscle,  this  novel  AChE  is 
a  hydrophobic  molecule  which  aggre- 
gates in  the  absence  of  detergents.  Con- 
comitant with  aggregation  is  a  loss  of 
catalytic  activity  which  can  be  restored 
by  the  addition  of  the  detergent  Triton 
X-100. 

Sedimentation  of  the  partially  puri- 
fied or  the  purified  neuronal  AChE  in 
sucrose  gradients  containing  Triton  X- 
100  shows  a  single  homogeneous  peak 
of  enzyme  activity  with  a  sedimenta- 
tion coefficient  of  11. 4S.  When  an  ex- 
tract of  neuronal  membranes  is 
sedimented  in  the  absence  of  deter- 
gents, the  enzyme  forms  large  aggre- 
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Fig.  16.  Aggregation  of  AChE  in  the  absence 
of  detergents.  (A)  Affinity-purified  AChE  was 
analyzed  by  velocity  sedimentation  on  5-20%  su- 
crose gradients  in  the  absence  of  detergent.  The 
fractions  were  collected  in  polyethylene  tubes 
containing  an  aliquot  of  25%  Triton  X-100  to  give 
a  final  concentration  of  1%  in  order  to  prevent 
irreversible  loss  of  enzyme  activity.  The  sedi- 
mentation coefficients  were  calculated  relative  to 
the  markers  alkaline  phosphatase  (6. IS)  and  (3- 
galactosidase  (16S).  Other  experiments  using 
shorter  centrifugation  times  or  60%  sucrose  cush- 
ions in  the  gradients  show  that  the  2 IS  AChE 
aggregate  is  the  largest  sedimenting  species.  The 
7S  material  is  a  breakdown  product  occasionally 
seen  in  the  11. 4S  AChE  preparations.  Also,  a  sub- 
stantial amount  of  enzyme  apparently  "floats"  on 
the  gradient,  possibly  due  to  trapping  in  deter- 
gent micelles.  (B)  Resedimentation  of  AChE  ag- 
gregate forms  in  the  presence  of  detergent.  Enzyme 
isolated  from  the  peak  fractions  shown  in  (A)  were 
sedimented  in  5-20%  sucrose  gradients  contain- 
ing 1%  Triton  X-100.  Their  dissociation  to  11.4S 
tetramers  is  indicative  of  hydrophobic  interac- 
tions. Solid  dots  and  dashed  line,  20. 5S  AChE; 
solid  dots  and  solid  lines,  17. 4S  AChE;  triangles 
and  dashed  line,  12.4S  AChE. 
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gates,  suggestive  of  hydrophobic 
interactions  with  other  membrane  pro- 
teins. On  the  other  hand,  sedimenta- 
tion of  purified  AChE  under  identical 
conditions  yields  a  discrete  set  of  forms 
with  sedimentation  coefficients  of  12.4S, 
17.4S,  and  20.6S  (Fig.  16),  indicating 
that  the  purified  AChE  molecules  ag- 
gregate in  stoichiometric  proportions. 
That  the  interactions  are  hydrophobic 
in  nature  is  illustrated  by  the  experi- 
ment depicted  in  Fig.  16.  Acetylcholin- 
esterase aggregate  forms  isolated  by 
velocity  sedimentation  in  detergent-free 
sucrose  gradients  were  resedimented  in 
the  presence  of  Triton  X-100.  The  dis- 
sociation to  11. 4S  tetramers  is  evidence 
for  their  hydrophobic  interactions. 

These  aggregate  states  of  the  neu- 
ronal AChE  are  of  considerable  interest 
to  us  because  of  their  similarities  to  the 
19. 5S  asymmetric  AChE  molecules 
found  in  muscle  cells.  The  19.5S  AChE 
is  a  complex  form  of  the  enzyme,  which 
consists  of  three  tetramers  covalently 
linked  to  a  three-stranded  collagen-like 
tail.  When  the  19.5S  form  is  treated  with 
collagenase,  three  new  forms  are  pro- 
duced with  sedimentation  coefficients 
of  11.4S,  17.4S,  and  20.6S  in  the  pres- 
ence of  detergents  and  which  consist  of 
one,  two,  or  three  tetramers  linked  to 
the  remaining  fragment  of  the  tail.  By 
analogy,  we  believe  the  aggregated 
neuronal  AChE  forms  to  consist  of  sim- 
ilar arrays  of  tetramers,  although  linked 
by  hydrophobic  interactions  rather  than 
covalent  bonds.  This  observation  may 
provide  some  insight  regarding  the 
mechanism  of  19. 5S  AChE  assembly  in 
muscle  as  well  as  a  function  for  the  col- 
lagen-like tail. 


Immunological  Studies  on 
Neuronal  and  Muscle 
Acetylcholinesterase 

We  have  raised  antibodies  to  the 
115,000-dalton  AChE  molecule  for  use 
as  probes  in  studying  the  synthesis,  as- 
sembly, and  cellular  distribution  of 


AChE  in  muscle.  These  antibodies  can 
be  used  directly  to  precipitate  isotopi- 
cally  labeled  enzyme  molecules  synthe- 
sized by  tissue-cultured  muscle  cells,  or 
indirectly  using  second  antibodies  cou- 
pled to  fluorophores  for  visualizing  the 
AChE  molecules  associated  with  the 
cells. 

Our  anti-chicken  acetylcholinester- 
ase antibodies  (a-AChE)  are  specific  in 
that  they  precipitate  acetylcholinester- 
ase but  not  butyrylcholinesterase,  en- 
zyme activity  from  tissue  extracts 
containing  both  proteins.  They  precip- 
itate a  single  band  of  35S-methionine- 
labeled  protein  from  both  muscle  and 
neuron  cultures  of  the  same  apparent 
molecular  weight  as  the  affinity-puri- 
fied AChE.  Also,  they  bind  to  the  neu- 
romuscular junction,  shown  by  indirect 
immunofluorescence,  where  they  co-lo- 
calize with  the  acetylcholine  receptor 
(Fig.  17).  In  addition,  they  do  not  cross- 
react  with  AChE  from  several  other 
laboratory  animals  tested  including  rat, 
mouse,  rabbit,  frog,  and  electrical  eel. 
Only  the  AChE  from  quail  exhibits  cross- 
reactivity  with  about  a  tenfold  lower 
affinity. 

The  antibodies  raised  against  brain 
AChE  cross-react  with  the  muscle 
AChE,  as  shown  by  their  ability  to  bind 
specifically  to  the  neuromuscular  junc- 
tion (Fig.  18).  All  four  AChE  forms  iso- 
lated from  intact  muscle,  and  all  forms 
synthesized  by  tissue-cultured  muscle 
cells,  can  be  precipitated  by  a- AChE. 
Studies  of  the  neuronal  and  muscle 
AChE  using  quantitative  immunopre- 
cipitation  show  that  these  proteins  are 
immunologically  indistinguishable  us- 
ing our  antibodies.  This  does  not  show 
that  they  are  identical  proteins  but 
rather  that  they  share  in  common  many, 
if  not  all,  of  their  antigenic  determi- 
nants (see  next  section). 

Preliminary  studies  to  determine  the 
location  of  cell  surface  AChE  on  tissue- 
cultured  muscle  cells  show  that  the  en- 
zyme molecules  have  a  punctate  distri- 
bution along  the  myotube.  Occasionally 
small  aggregate  patches  are  apparent 
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Fig.  17.  Specificity  of  a-acetylcholinesterase  antibodies.  Fibers  from  the  posterior  lattisimus  dorsi 
muscle  of  mature  chicken  were  incubated  with  rhodamine-labeled  a-bungarotoxin  and  a-AChE  an- 
tibodies; extensive  washing  followed,  and  a  second  incubation  was  performed  with  fluorescein-con- 
jugated  goat  anti-rabbit  IgG.  The  fibers  were  washed,  fixed,  and  further  dissociated  before  examination 
by  fluorescence  microscopy.  The  neuromuscular  junction,  shown  in  these  photomicrographs,  repre- 
sents less  than  0.1%  of  the  total  surface  area  of  the  muscle  fiber.  (A)  Distribution  of  AChE  at  the 
neuromuscular  junction.  The  annular  appearance  is  due  in  part  to  the  accumulation  of  first-  and 
second-antibody  complexes  at  the  periphery  of  the  junctional  folds.  (B)  Distribution  of  acetylcholine 
receptors  at  the  same  neuromuscular  junction.  (C)  Autoradiograph  of  immunoprecipitated  35S-AChE 
analyzed  by  SDS-polyacrylamide  gel  electrophoresis.  Tissue-cultured  muscle  cells  were  labeled  with 
35S-methionine,  and  the  cell  extracts  precipitated  either  with  pre-immune  IgG  (left  lane)  or  with  a- 
AChE  IgG  (right  lane).  See  text  for  details. 


which  appear  to  co-localize  with  ace- 
tylcholine receptors  labeled  with  rho- 
damine  a-bungarotoxin. 

Comparison  of 

Acetylcholinesterase 

from  Neurons  and  Muscle 

Because  the  AChE  localized  at  the 
sites  of  nerve-muscle  contact  could  arise 
from  either  one  or  both  of  these  cells, 
we  have  undertaken  a  series  of  studies 
to  distinguish  biochemically  enzyme 
molecules  from  each  of  these  tissues.  As 
mentioned  in  the  preceding  section,  the 
neuronal  and  muscle  AChEs  are  im- 
munologically indistinguishable.  We 


have  also  studied  the  kinetic  and  in- 
hibition properties  of  purified  AChE 
from  these  tissues  and  have  found  them 
to  be  essentially  identical.  We  conclude 
that  the  neuronal  and  muscle  AChE 
molecules  share  very  similar,  if  not 
identical,  catalytic  and  allosteric  sites. 
We  have,  however,  found  one  strik- 
ing difference  between  the  neuronal  and 
muscle  AChEs.  Whereas  the  neuronal 
AChE  forms  aggregate  in  the  absence 
of  detergents  and  exhibit  a  substantial 
loss  of  enzyme  activity,  the  muscle  AChE 
forms  are  unaffected  by  this  treatment. 
Velocity  sedimentation  of  muscle  AChE 
on  detergent-free  gradients  shows  that 
all  four  molecular  forms  exhibit  the  same 
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Fig.  18.  Absence  of  detergent  effects  on  muscle 
AChE;  test  of  promoters  or  inhibitors  of  AChE 
aggregation.  Acetylcholinesterase  was  prepared 
as  an  extract  from  muscle  or  brain  tissue.  A  por- 
tion of  each  extract  was  treated  with  diisopro- 
pylfluorophosphate  (DFP),  an  irreversible  inhibitor 
of  AChE,  and  dialyzed  to  remove  unreacted  in- 
hibitor. Aliquots  of  catalytically  active  muscle 
AChE  were  mixed  with  DFP-treated  brain  ex- 
tract and  sedimented  along  with  markers  on  5- 
20%  sucrose  gradients  in  the  presence  or  absence 
of  1%  Triton  X-100.  Aliquots  of  active  brain  AChE 
were  treated  in  the  same  manner.  (A)  Active 
muscle  AChE  sedimented  with  brain  extract.  The 
shift  of  the  AChE  peaks  is  not  a  shift  in  S  value 
relative  to  internal  markers  but  rather  reflects  a 
shift  in  the  entire  gradient  profile  due  to  changes 
in  the  viscosity  of  the  medium  with  Triton  X-100. 
(B)  Sedimentation  of  brain  AChE  in  the  presence 
of  muscle  extract. 


sedimentation  coefficient  as  in  the  pres- 
ence of  detergent;  furthermore,  there  is 
no  apparent  loss  of  catalytic  activity  (Fig. 
18). 


When  catalytically  active  brain  AChE 
is  sedimented  in  the  presence  of  inac- 
tive muscle  AChE  (DFP-treated)  or  vice 
versa,  each  set  of  AChE  molecules  re- 
tains its  original  properties;  the  brain 
AChE  still  forms  aggregates  (Fig.  18). 
This  type  of  experiment  rules  out  the 
presence  of  soluble  promoters  or  inhib- 
itors of  aggregation  in  the  enzyme  prep- 
arations and  indicates  that  the  ability 
to  aggregate  is  a  property  of  the  neu- 
ronal AChE  molecules.  On  the  basis  of 
these  studies,  we  tentatively  conclude 
that  the  membrane-bound  form  of  AChE 
from  neurons  possesses  a  hydrophobic 
domain  not  present  on  the  muscle  AChE 
molecule. 

Synthesis  of 
Acetylcholinesterase  by  Tissue- 
Cultured  Muscle  Cells 

Tissue-cultured  chick  embryo  muscle 
cells  synthesize  two  molecular  forms  of 
AChE,  a  7.4S  dimer  and  an  11.5S  te- 
tramer.  Both  molecular  forms  exist  as 
membrane-bound  and  secreted  mole- 
cules. In  order  to  understand  how  mus- 
cle cells  assemble  and  localize  these 
important  synaptic  components,  we  have 
begun  a  detailed  series  of  studies  on  the 
synthesis  and  processing  of  AChE  in 
cultured  muscle  cells.  By  using  our  a- 
AChE  antibodies  to  precipitate  isotop- 
ically  labeled  enzyme  molecules  and 
subjecting  the  precipitates  to  SDS  gel- 
electrophoresis,  we  can  now  analyze 
changes  in  the  structure  of  the  mole- 
cules as  a  function  of  time  after  syn- 
thesis. 

Analysis  of  total  35S-labeled  AChE 
from  muscle  cells  by  SDS  gel-electro- 
phoresis  shows  the  protein  to  be  mi- 
grating as  a  broad  band  with  an 
apparent  molecular  weight  between 
110,000  and  120,000  daltons  (Fig.  19). 
However,  a  more-detailed  analysis  of 
this  band  indicates  that  it  consists  of 
not  one  but  several  diffuse  bands  cor- 
responding to  different  glycosylation 
states  of  two  distinct  proteins. 

To  study  the  early  events  in  AChE 
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Fig.  19.  Analysis  of  AChE  synthesized  by  tissue-cultured  muscle  cells.  (A)  Tissue-cultured  my- 
otubes  were  incubated  for  10  min  with  35S-methionine,  rinsed,  and  then  incubated  in  complete  medium 
containing  a  1500-fold  excess  of  unlabeled  methionine  for  the  remainder  of  the  experiment.  Two 
culture  dishes  were  used  for  each  point.  At  the  appropriate  times,  cells  were  extracted  with  detergent 
buffer  and  the  35S-AChE  isolated  by  immunoprecipitation.  Aliquots  of  the  labeled  enzyme  from  each 
timepoint  were  incubated  in  the  presence  or  absence  of  endoglycosidase-H  (endo-H)  to  remove  as- 
paragine-linked  carbohydrates,  analyzed  by  SDS  gel-electrophoresis,  and  fluorographed.  Numbers 
above  each  pair  of  lanes  refer  to  the  chase  times  in  minutes.  ( - )  Samples  incubated  without  endo- 
H;  ( + )  samples  incubated  with  endo-H.  An  additional  set  of  cultures  was  pre-incubated  for  three 
hours  with  1  ^.g/ml  tunicamycin  and  labeled  for  ten  minutes  in  the  presence  of  tunicamycin,  and  the 
35S-AChE  was  extracted  either  directly  (Tn)  or  following  a  60-min  chase  (Tnc).  (B)  Tissue-cultured 
myotubes  were  labeled  for  four  hours  with  35S-methionine  and  extracted  either  directly  to  obtain 
total  labeled  AChE  (lane  T)  or  subsequently  chased  for  an  additional  four  hours  to  obtain  the  cell- 
associated  enzyme  (C)  and  AChE  secreted  into  the  medium  (M).  Labeled  enzyme  molecules  were 
isolated  by  immunoprecipitation  and  incubated  in  the  presence  (  +  )  or  absence  (  -  )  of  endo-H  before 
analyzing  by  SDS  gel-electrophoresis  and  fluorography.  The  last  lane  contains  an  aliquot  of  35S- 
AChE  labeled  in  the  presence  of  tunicamycin  (Tn)  (heavy  band  at  about  100,000  MW).  Numbers  on 
the  left  of  each  gel  refer  to  the  positions  of  molecular  weight  markers  (  x  1000  daltons). 


synthesis  and  processing,  muscle  cells 
are  pulse  labeled  for  5-10  minutes  with 
35S-methionine  and  are  then  incubated 
with  1500-fold  excess  unlabeled  methi- 
onine (chase).  At  the  end  of  a  5-10  min- 
ute labeling  period,  the  newly- 
synthesized  AChE  molecules  appear  as 
two  distinct  bands,  of  about  112,000  and 
108,000  daltons,  respectively  (Fig.  19), 
which  remain  as  two  distinct  bands  for 
about  15  minutes.  Thereafter,  further 
processing  of  the  molecule  results  in  size 


heterogeneity,  giving  the  appearance  of 
a  single  broad  band  of  labeled  protein. 
If  labeled  AChE  is  synthesized  in  the 
presence  of  tunicamycin,  a  drug  that 
inhibits  the  addition  of  asparagine- 
linked  carbohydrates,  the  apparent  mo- 
lecular weights  of  the  polypeptides  are 
reduced  to  102,000  and  97,000  daltons, 
suggesting  that  each  polypeptide  chain 
contains  about  10,000  daltons  of  aspar- 
agine-linked  sugars  (Fig.  19A).  Further 
evidence  of  this  is  shown  by  the  treat- 
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ment  of  newly  synthesized  AChE  with 
endoglycosidase-H,  an  enzyme  which 
selectively  cleaves  asparagine-linked 
carbohydrates  of  the  high-mannose  type 
(Fig.  19).  The  apparent  molecular 
weights  of  the  two  peptide  chains  are 
reduced  to  the  same  size  as  those  syn- 
thesized in  the  presence  of  tunicamy- 
cin.  The  pulse-chase  study  also  indicates 
that  the  polypeptides  retain  their  high- 
mannose  residues  for  most  of  their  res- 
idence time  in  the  cells. 

That  the  two  bands  of  labeled  AChE 
represent  distinct  polypeptides  rather 
than  a  precursor-product  relationship 
is  indicated  by  the  observation  that  there 
is  no  interconversion  of  the  two  pro- 
teins. Both  bands  retain  their  relative 
intensities  throughout  their  residence 
in  the  cells.  From  these  studies  we  con- 
clude that  muscle  cells  synthesize  two 
different  AChE  polypeptides.  We  are 
continuing  our  studies  of  these  mole- 
cules to  determine  whether  they  cor- 
respond to  distinct  membrane-bound  and 
secretory  forms,  as  in  the  case  of  the 
IgM  molecules  synthesized  by  B-cells, 
or  whether  the  7.4S  dimer  and  11. 5S 
tetramer  are  assembled  from  different 
subunits.  A  third,  though  less-likely 
possibility,  is  that  each  AChE  form  con- 
sists of  both  catalytic  and  noncatalytic 
subunits.  Analysis  of  3H-DFP-labeled 
AChE  by  SDS  gel-electrophoresis  shows 
a  broad  band  of  labeled  protein  with  a 
distribution  similar  to  that  of  the  35S- 


methionine-labeled  AChE  molecules. 

Although  the  major  portion  of  cell- 
associated  AChE  is  of  the  high-man- 
nose type  (endo-H  sensitive),  there  ex- 
ists a  small  intracellular  pool  of  endo- 
H-resistant  AChE  molecules  (Fig.  19). 
This  pool  becomes  apparent  between  40- 
60  minutes  after  synthesis.  When  se- 
creted AChE  molecules  are  analyzed  by 
SDS  gel-electrophoresis  after  treat- 
ment with  endo-H,  they  are  found  to  be 
completely  resistant,  indicating  that  the 
high-mannose  carbohydrate  groups  have 
been  processed  to  complex  sugars.  This 
observation  raises  the  interesting  pos- 
sibility that  glycosylation  may  also  play 
an  important  role  in  the  localization  of 
the  AChE  molecules. 

With  these  studies,  we  can  now  show 
that  not  only  are  the  families  of  AChE 
molecular  forms  from  neurons  and 
muscle  distinct,  differing  primarily  in 
their  hydrophobic  properties,  but  also 
that  within  a  particular  family  there 
exists  diversity  in  subunit  polypeptide 
size  and  its  glycosylation.  The  next  se- 
ries of  questions  will  concern  the  ori- 
gins of  these  forms  and  their  final 
destinations.  Are  these  proteins  prod- 
ucts of  a  single  gene,  arising  through 
differential  processing  of  a  common 
precursor  RNA  or  polypeptide,  or  do  they 
consist  of  separate  gene  products?  Fi- 
nally, how  are  these  different  AChE 
molecules  related  to  their  final  subcel- 
lular destinations? 


INTRACELLULAR  TRANSLOCATION  AND  METABOLISM 
OF  CELLULAR  LIPIDS 

D.  Hoekstra,  N.  G.  Lipsky,  K.  J.  Longmuir,  O.  C.  Martin,  J.  W.  Nichols, 
R.  G.  Sleight,  and  R.  E.  Pagano 


Lipid  molecules  are  essential  build- 
ing blocks  for  virtually  every  mem- 
brane of  the  living  cell.  A  major  goal  of 
our  research  is  to  learn  more  about  the 
synthesis  and  dynamics  of  these  mole- 
cules in  eukaryotic  cells.  In  particular, 
we  wish  to  know  by  what  mechanism 
or  mechanisms  lipids,  once  synthesized, 


are  transported  to  various  cytoplasmic 
compartments,  including  the  cell  sur- 
face, where  they  are  required  for  mem- 
brane assembly.  At  present,  little  is 
known  about  the  pathways  of  translo- 
cation of  membrane  lipids  between  var- 
ious intracellular  compartments,  or 
about  how  these  pathways  correlate  with 
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lipid  metabolism.  For  example,  it  is 
generally  believed  that  lipids  can  move 
about  in  cells  by  either  vesicular  trans- 
port or  lipid  exchange,  but  the  relative 
importance  of  these  mechanisms  for  lipid 
transport  is  not  known.  Similarly,  the 
roles  of  certain  organelles,  e.g.,  the  Golgi 
apparatus,  which  play  an  important 
function  in  directing  the  traffic  of  pro- 
tein molecules  within  cells,  are  not 
known  as  far  as  lipids  are  concerned. 

In  order  to  explore  these  questions, 
we  began  using  fluorescent  phospho- 
lipid analogs  to  study  lipid  metabolism 
and  translocation  in  living  cells.  (See 
Year  Book  78,  79,  80.)  This  approach 
offers  many  advantages  over  conven- 
tional methods  of  metabolic  study,  in- 
cluding the  abilities  to  observe  directly 
the  fluorescent  metabolites  within  the 
living  cell  using  a  fluorescence  micro- 
scope, to  detect  and  analyze  minute 
amounts  of  fluorescent  material,  and  to 
make  immediate  comparisons  of  nor- 
mal and  perturbed  systems. 

In  this  Report,  Pagano,  Longmuir,  and 
Martin  report  on  their  studies  using  a 
fluorescent  analog  of  phosphatidic  acid, 
a  key  intermediate  in  glycerolipid  bio- 
synthesis. They  observe  striking  changes 
in  the  cellular  metabolism  and  distri- 
bution of  fluorescent  lipids  deriving  from 
this  compound,  and  they  present  evi- 
dence documenting  intracellular  "sort- 
ing" of  one  particular  lipid  species  during 
its  synthesis.  Lipsky  has  initiated  a 
study  of  sphingolipid  metabolism  in  cells 
using  a  fluorescent  analog  of  ceramide, 
an  intermediate  in  sphingolipid  metab- 
olism. Her  results  are  particularly  sig- 
nificant, as  they  demonstrate  that  this 
class  of  lipids  moves,  in  part,  through 
the  Golgi  apparatus  of  the  cell  as  it  is 
transported  to  the  cell  surface.  Sleight 
reports  on  his  studies  on  the  synthesis 
of  phosphatidylethanolamine,  a  major 
cellular  lipid,  and  on  its  transport  to  the 
cell  surface.  His  results  demonstrate  that 
this  molecule  moves  from  its  site  of  syn- 
thesis on  the  endoplasmic  recticulum  to 
the  plasma  membrane  in  a  remarkably 
short  time,  suggesting  that  the  move- 
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ment  of  this  lipid  may  be  much  more 
rapid  than  that  documented  for  protein 
movement  to  the  cell  surface.  Finally, 
Nichols  and  Hoekstra  present  their 
continued  studies  on  the  physical- 
chemical  properties  of  the  lipid  analogs 
which  have  been  used  in  the  studies 
cited  above. 


Fluorescent  Phosphatidic  Acid 

and  Glycerolipid  Metabolism  in 

Cultured  Cells 

R.  E.  Pagano,  K.  J.  Longmuir,  and  O.  C.  Martin 

Last  year  we  reported  that  a  fluores- 
cent analog  of  phosphatidic  acid,  1-acyl- 
2-(iV-4-nitrobenzo-2-oxa-l,3-diazole)- 
aminocaproyl  phosphatidic  acid  (NBD- 
PA),  is  avidly  taken  up  by  Chinese 
hamster  fibroblasts  and  internalized  into 
cytoplasmic  compartments  (Year  Book 
80).  Furthermore,  this  analog  is  me- 
tabolized along  the  normal  biosynthetic 
pathways  for  the  formation  of  glycero- 
lipids  in  mammalian  cells.  Thus  we  had 
a  preliminary  method  for  correlating  the 
metabolism  of  the  fluorescent  probe,  as 
determined  by  standard  lipid  chemistry 
techniques,  with  the  intracellular  lo- 
cation of  these  molecules,  as  deter- 
mined by  fluorescence  microscopy.  In 
the  past  year,  we  have  identified  the 
intracellular  compartments  that  be- 
come labeled  with  NBD-PA  and  its  me- 
tabolites, and  have  further  characterized 
the  manner  whereby  the  NBD-PA  is 
converted  to  the  various  end-products 
of  lipid  metabolism. 

A  fluorescent  photomicrograph  of 
cultured  fibroblasts  which  were  incu- 
bated with  NBD-PA  for  one  hour  at  2°C 
is  shown  in  Fig.  20.  Two  prominent  in- 
tracellular features  are  seen.  First,  a 
portion  of  the  fluorescence  is  localized 
in  a  reticular  network  in  the  cytoplasm, 
and  second,  bright  dots  of  fluorescence 
are  distributed  throughout  the  cyto- 
plasm. Identification  of  the  reticular 
network  was  accomplished  as  follows. 
Cells  were  treated  with  NBD-PA  for  60 
min  at  2°C,  washed,  and  photographed. 
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Fig.  20.  Fluorescence  micrographs  of  Chinese  hamster  fibroblast  monolayer  cultures  incubated 
with  NBD-PA  containing  vesicles  for  60  min  at  2°C.  (a)  Bar,  10  jim;  (b)  the  same  cell  at  higher 
magnification,  bar  2  jim. 


The  cells  were  then  fixed,  permeabil- 
ized,  and  stained  with  a  rhodamine- 
conjugated  lectin,  Lens  culinaris  agglu- 
tinin, which  has  been  shown  to  asso- 
ciate preferentially  with  the  endoplasmic 
reticulum.  Subsequent  photography  of 
the  same  cell  using  optics  appropriate 
for  rhodamine  fluorescence  demon- 
strated that  the  reticular  network 
stained  by  NBD-PA,  and  the  endo- 
plasmic reticulum  stained  by  the  lectin, 


were  the  same  cytoplasmic  organelle. 
Identification  of  the  bright  dots  of  flu- 
orescence was  accomplished  in  an  anal- 
ogous manner  using  Rhodamine  3B,  a 
cationic  fluorescent  probe  which  is  spe- 
cifically accumulated  by  the  mitochon- 
dria of  living  cells.  These  co-localization 
studies  thus  allow  us  to  conclude  that 
when  cells  are  incubated  with  NBD-PA 
at  2°C,  the  mitochondria  and  the  en- 
doplasmic reticulum  are  the  principal 
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TABLE  1.  Products  of  Metabolism  of 

Exogenously-Supplied  NBD-PA  in  Chinese 

Hamster  Fibroblasts 


Fig.  21.  Fluorescence  micrograph  of  Chinese 
hamster  fibroblast  monolayer  culture  incubated 
with  NBD-PA  for  60  min  at  2°C,  washed,  and 
subsequently  warmed  to  37°C  for  30  min. 

intracellular  sites  of  fluorescence  lo- 
calization. 

If  cells  treated  with  NBD-PA  for  60 
min  at  2°C  are  washed  and  then  warmed 
to  37°C,  labeling  of  the  endoplasmic  re- 
ticulum decreases  and  new  cytoplasmic 
regions  become  labeled,  as  shown  in  Fig. 
21.  Particularly  prominent  are  fluores- 
cent structures,  about  0.5-2  \xm  in  di- 
ameter, which  correspond  to  intra- 
cellular lipid  droplets.  It  should  be  noted 
that  although  these  droplets  are  pres- 
ent at  all  times  during  our  experiments, 
they  were  not  fluorescent  after  incu- 
bation with  NBD-PA  at  2°C  and  only 
became  fluorescent  when  the  temper- 
ature was  shifted  to  37°C. 

Specific  events  in  lipid  metabolism 
accompany  the  initial  uptake  and  sub- 
sequent redistribution  of  the  fluores- 
cent phospholipid  analogs  (Table  1). 
Following  the  uptake  of  the  probe  for  1 
h  at  2°C,  most  (78%)  of  the  cell-associ- 
ated NBD-PA  is  converted  to  NBD-dig- 
lyceride.  However,  when  the  cells  are 
washed  and  then  incubated  at  37°C,  the 
fluorescent  lipid  is  further  metabolized, 
mostly  to  NBD-phosphatidylcholine  and 
NBD-triglyceride.  Cell-fractionation 
studies  have  shown  that  the  NBD-tri- 


Lipid 


Time  at  37°C 
0  min      30  min 


NBD-PA  10% 
NBD-phosphatidylcholine  2 

NBD-fatty  acid  2 

NBD-monoglyceride  5 

NBD-diglyceride  78 
NBD-triglyceride  3 


6% 
30 


21 
43 


Cells  were  incubated  with  dioleoylphosphati- 
dylcholine  vesicles  containing  20%  NBD-PA  for 
60  min  at  2°C,  washed,  and  subsequently  warmed 
to  37°C  for  0  or  30  min.  Cellular  lipids  were  ex- 
tracted and  separated  by  thin-layer  chromatog- 
raphy, and  the  distribution  of  fluorescent  products 
was  quantified. 


glyceride  is  selectively  transported  to 
the  intracellular  lipid  droplets,  while 
the  NBD-phosphatidylcholine  remains 
in  other  fluorescently  labeled  mem- 
branes. Hence  the  cell  recognizes  the 
different  classes  of  fluorescent  glycero- 
lipids  as  they  are  formed,  and  can 
transport  them  to  different  cytoplasmic 
membranes.  This  intracellular  "sort- 
ing" of  fluorescent  lipids  is  good  evi- 
dence that  the  fluorescent  NBD-moiety 
on  the  fatty  acid  chain  of  the  molecule 
does  not  inhibit  the  cell  from  recogniz- 
ing these  molecules  as  normal  products 
of  lipid  metabolism.  Preliminary  ex- 
periments with  radiochemically  la- 
beled phosphatidic  acid  result  in 
distributions  of  lipids  similar  to  that 
obtained  with  NBD-PA  and  thus  fur- 
ther support  this  conclusion. 

Our  goal  for  the  coming  year  is  to 
obtain  information  about  how  different 
classes  of  lipids  are  recognized  by  the 
cell,  and  how  they  are  subsequently 
sorted  and  transported  to  different  cy- 
toplasmic locations. 

Fluorescent  Ceramide  and 
Sphingolipid  Metabolism 

Naomi  G.  Lipsky 

Our  research  into  the  lipid  metabo- 
lism of  cultured  cells  has  led  us  to  the 
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study  of  sphingolipid  metabolism. 
Sphingolipids  are  a  subset  of  cellular 
lipids  which  play  an  important  role  in 
membrane  structure  and  are  involved 
as  receptors  for  a  number  of  hormones 
and  other  proteins.  An  understanding 
of  the  metabolism  of  these  compounds 
has  important  medical  implications,  in 
that  deficiencies  in  the  degradation  of 
sphingolipids  result  in  the  cerebral  lip- 
idoses, e.g.,  Tay-Sachs  or  Niemann-Pick 
disease.  In  addition,  dramatic  changes 
in  the  quantity  and  quality  of  sphin- 
golipids accompany  both  normal  cell 
aging  and  transformation  of  normal  cells 
to  oncogenic  cells. 

All  sphingolipids  have  in  common  a 
chemical  backbone  of  ceramide.  Cer- 


amide  may  be  complexed  with  one  or 
more  sugars  to  yield  cerebrosides  and 
gangliosides,  or  with  phosphorylcho- 
line  to  yield  sphingomyelin.  The  sites 
of  these  reactions  inside  the  cell  remain 
to  be  elucidated,  along  with  the  answer 
to  the  question  of  how  the  cell  trans- 
locates different  sphingolipids  to  differ- 
ent intracellular  compartments. 

We  synthesized  a  fluorescent  sphin- 
golipid precursor,  using  the  fluorophore 
NBD  (Af-4-nitrobenzo-2-oxa-l,3-diazole) 
in  a  covalent  linkage  to  the  fatty  acyl 
moiety  of  ceramide.  This  NBD-ceram- 
ide  is  incorporated  into  small,  unila- 
mellar vesicles  which  are  then  incubated 
with  Chinese  hamster  lung  fibroblasts 
in  monolayer  culture.  When  incubated 
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Fig.  22.  Fluorescence  micrograph  of  Chinese  hamster  fibroblasts  incubated  with  NBD-ceramide 
for  45  min  at  2°C,  washed,  and  then  incubated  at  37°C  for  the  indicated  times. 
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at  2°C  for  45  minutes,  there  is  net  up- 
take of  NBD-ceramide  by  the  cells. 

We  first  asked  whether  the  cells  would 
metabolize  the  fluorescent  lipid  along 
pathways  similar  to  endogenous  cer- 
amide.  This  does  seem  to  be  the  case. 
When  cells  are  incubated  with  NBD- 
ceramide  containing  liposomes  at  2°, 
then  washed  and  incubated  at  37°,  and 
total  lipids  extracted,  three  fluorescent 
compounds  are  detected.  Using  chro- 
matographic, enzymatic,  and  biochem- 
ical techniques,  we  have  identified  these 
compounds  to  be  the  starting  NBD-cer- 
amide, plus  NBD-sphingomyelin,  and 
NBD-cerebroside.  Thus,  NBD-ceram- 
ide seems  to  be  treated  as  a  natural 
sphingolipid  precursor. 

We  next  followed  the  distribution  of 
fluorescence  over  time.  Figure  22  shows 
the  change  in  intracellular  distribution 
of  fluorescence  when  cells  are  incu- 
bated with  NBD-ceramide  at  2°,  washed, 
and  then  incubated  at  37°C  for  varying 
times.  The  distribution  of  fluorescence 
in  the  cell  changes  markedly  over  this 
interval.  The  earliest  appearance  of  flu- 
orescence is  in  the  mitochondria,  when 
about  90%  of  the  extractable  fluores- 
cence is  in  the  form  of  NBD-ceramide. 
After  three  hours,  the  most  visibly  la- 
beled structure  is  the  plasma  mem- 
brane. By  this  time,  over  90%  of 
extractable  fluorescence  is  due  to  equal 
amounts  of  NBD-cerebroside  and  NBD- 
sphingomyelin  in  equal  amounts. 

We  have  determined  that  the  region 
of  bright  fluorescence  seen  after  30 
minutes  at  37°  coincides  with  the  Golgi 
apparatus.  We  established  this  by  first 
photographing  cells  labeled  with  NBD- 
ceramide  as  described,  then  treating 
these  same  cells  with  a  protein  (wheat 
germ  agglutinin)  specific  for  the  Golgi 
apparatus  but  labeled  with  rhodamine, 
a  compound  which  fluoresces  at  a  dif- 
ferent wavelength  than  NBD.  A  com- 
parison of  the  locations  of  the  NBD  and 
rhodamine  fluorescence  (Fig.  23)  shows 
almost  perfect  coincidence. 

It  remains  to  be  shown  whether  each 


NBD-Ceramide 
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Fig.  23.  Co-localization  experiment  demon- 
strating that  an  NBD-lipid  appears  in  the  Golgi 
apparatus  of  the  cell.  Chinese  hamster  fibroblasts 
were  treated  with  NBD-ceramide  for  45  min  at 
2°C,  washed,  and  warmed  to  37°  for  30  min.  The 
cells  were  photographed  using  optics  appropriate 
for  NBD-fluorescence.  The  cultures  were  then 
fixed,  permeabilized,  and  stained  with  a  rhoda- 
mine-conjugated  wheat  germ  agglutinin  in  order 
to  identify  the  Golgi  apparatus.  The  cells  were 
then  rephotographed  using  optics  appropriate  for 
rhodamine  fluorescence.  Top,  NBD;  bottom,  rho- 
damine fluorescence. 


of  the  fluorescent  lipids  migrates 
through  the  Golgi  to  the  plasma  mem- 
brane or  whether  the  different  lipids 
synthesized  from  NBD-ceramide  are 
processed  differently  by  the  cell.  These 
studies  may  also  yield  information  on 
the  topographic  distribution  of  sphin- 
golipids  in  the  cell  membrane.  The  use 
of  fluorescent  ceramide  opens  up  an  ex- 
citing range  of  experiments  in  the  field 
of  sphingolipid  metabolism. 
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Rapid  Appearance  of 

Phosphatidylethanolamine  at  the 

Cell  Surface 

Richard  G.  Sleight 

It  has  recently  been  demonstrated  that 
some  proteins  shuttle  between  the  cell 
surface  and  internal  membranes.  This 
process,  termed  receptor  reutilization, 
or  membrane  recycling,  may  play  an 
important  role  in  several  biological  pro- 
cesses such  as  receptor-mediated  en- 
docytosis  and  down  regulation.  A  central 
dogma  of  membrane  recycling  is  that 
transport  between  membrane  domains 
occurs  via  movement  of  small  vesicles. 
If  this  is  true,  then  the  lipid  component 
of  these  transport  vesicles  must  also  be 
recycled;  however,  to  date  there  has  been 
no  experimental  evidence  directly  dem- 
onstrating "lipid  recycling."  We  have 
recently  begun  a  series  of  experiments 
to  examine  the  transport  of  lipids  and 
have  obtained  evidence  consistent  with 
a  rapid  translocation  of  phospholipid 
molecules. 

Although  there  is  a  constant  flux  of 
membrane  components  leaving  the  cell 
surface  through  the  processes  of  phag- 
ocytosis and  pinocytosis,  the  surface  area 
of  the  cell  remains  constant.  Therefore, 
replacement  of  membrane  components 
must  occur  at  a  rate  identical  to  the  rate 
of  loss.  For  example,  the  net  transport 
of  lipid  molecules  into  and  out  of  the 
plasma  membrane  must  be  zero  for  the 
membrane  to  maintain  a  constant  lipid 
content.  If  membrane  recycling  occurs, 
the  net  flux  of  lipid  into  the  plasma 
membrane  is  the  sum  of  the  amounts 
of  newly  synthesized  and  recycled  lipid 
molecules  inserted.  Therefore,  during 
membrane  recycling,  the  rate  of  ap- 
pearance of  newly  synthesized  mem- 
brane lipid  must  be  less  than  the  rate 
of  loss  of  lipid  from  the  plasma  mem- 
brane. To  examine  this  process  exper- 
imentally it  is  required  that  new  and 
old  membrane  lipid  be  distinguished  and 
that  the  amounts  of  lipid  present  at  the 
cell  surface  be  measurable. 

Our  initial  experiments  have  dealt 


with  the  transport  of  newly  synthesized 
lipid  molecules  to  the  cell  surface.  By 
incubating  cells  at  a  low  temperature 
in  the  presence  of  trinitrobenzene  sul- 
fonic acid  (TNBS),  it  is  possible  to  se- 
lectively derivatize  cell  surface  amino 
groups.  We  have  chosen  to  examine  the 
intracellular  movement  of  phosphati- 
dylethanolamine (PE)  since  it  is  the  only 
one  of  two  major  amino-phospholipids 
present  at  the  cell  surface  which  can  be 
derivatized  by  TNBS  treatment.  Phos- 
phatidylethanolamine and  its  TNBS 
derivative,  trinitrophenyl-phosphati- 
dylethanolamine  (Tnp-PE)  can  be  sep- 
arated by  thin-layer  chromatography. 
Thus  by  first  pulsing  cells  with  radio- 
labeled precursors  to  PE  and  then  de- 
rivatizing  all  of  the  cell  surface  PE,  we 
can  both  distinguish  newly  synthesized 
PE  from  preexisting  PE  pools  and  de- 
termine the  amount  of  newly  synthe- 
sized PE  at  the  cell  surface. 

As  shown  by  Fig.  24A,  3H-ethanol- 
amine  is  rapidly  taken  up  by  V79  fi- 
broblasts and  incorporated  into  PE. 
There  is  no  discernible  lag  between  the 
time  the  radiolabeled  PE  is  synthesized 
and  its  appearance  at  the  cell  surface 
(Fig.  24B).  These  data  suggest  that 
transport  between  the  endoplasmic  re- 
ticulum (the  location  of  the  majority  of 
de  novo  PE  synthesis)  and  the  plasma 
membrane  is  extremely  rapid.  Because 
TNBS  derivatizes  only  PE  molecules  lo- 
cated on  the  outer  leaflet  of  the  plasma 
membrane  lipid  bilayer,  the  newly  syn- 
thesized PE  must  not  only  arrive  at  the 
plasma  membrane  quickly,  but  it  must 
also  be  inserted  at  the  proper  orienta- 
tion. Whereas  it  is  possible  that  the  rapid 
transport  of  newly  synthesized  PE  oc- 
curs via  vesicle  movement,  we  have  been 
unable  to  block  the  rapid  transport  us- 
ing drugs  known  to  inhibit  both  phago- 
cytosis and  pinocytosis. 

After  two  hours  of  incubation  with 
3H-ethanolamine,  the  specific  radioac- 
tivities of  cell  surface  and  internal  pools 
of  PE  are  equal.  This  indicates  that  a 
near  equilibrium  condition  exists  be- 
tween cell  surface  PE  and  other  cellular 
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Minutes    with   [3H]     Ethanolomine 

Fig.  24.  Time  courses  of  PE  synthesis  and  appearance  at  the  cell  surface  in  V79  fibroblasts.  Cells 
were  grown  in  the  presence  of  3  u,Ci/ml  3H-ethanolamine  for  the  indicated  times.  The  radioactive 
medium  was  then  removed  and  the  cell  surface  PE  derivatized  using  TNBS.  In  A,  the  amount  of 
radioactivity  found  in  the  sum  of  PE  and  TNP-PE  is  plotted.  In  B,  the  percentage  of  the  radioactive 
PE  derivatized  by  TNBS  is  presented. 


PE  pools.  The  half-time  for  attaining 
this  equilibrium  state  is  approximately 
30  minutes. 

If  cells  that  have  been  prelabeled  with 
3H-ethanolamine  and  then  derivatized 
with  TNBS  are  allowed  to  sit  at  2°C,  no 
additional  radiolabeled  PE  moves  to  the 
cell  surface  (Fig.  25,  dashed  line).  If, 
however,  the  cells  are  then  warmed  to 
37°  in  the  absence  of  3H-ethanolamine, 
additional  radiolabeled  PE  from  intra- 
cellular pools  appears  at  the  cell  sur- 
face. The  amount  of  PE  reappearing  at 
the  cell  surface  is  equal  to  the  amount 
of  PE  derivatized  by  the  intial  TNBS 
treatment.  The  appearance  of  a  second 
wave  of  radiolabeled  PE  to  the  cell  sur- 
face occurs  faster  than  the  initial  ap- 
pearance of  newly  synthesized  PE;  the 
half-time  for  equilibration  is  approxi- 
mately three  minutes.  This  rapid  re- 
equilibration  of  cell  surface  PE  pools 
after  TNBS  derivatization  suggests  that 
incubations  at  2°  arrest  PE  transport  at 
some  intermediate  step. 


10  20  30 

Minutes   of  Incubation   at  37° 

Fig.  25.  Reappearance  of  PE  at  the  cell  surface 
after  TNBS  labeling.  Cells  were  grown  in  the 
presence  of  2  u,Ci/ml  3H-ethanolamine  for  three 
hours  and  then  in  unlabeled  medium  for  30  min- 
utes. After  derivatizing  the  cell  surface  PE  using 
TNBS  (performed  at  2°C),  the  cells  were  returned 
to  growth  media  and  incubated  at  37°  for  the  in- 
dicated times.  Cell  surface  PE  was  then  once  again 
derivatized,  and  the  fraction  of  radiolabeled  PE 
derivatized  by  the  second  TNBS  treatment  was 
calculated.  The  dashed  line  represents  the  frac- 
tion of  radiolabeled  PE  derivatized  by  the  first 
TNBS  treatment. 
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Our  studies  of  the  movement  of  newly 
synthesized  PE  demonstrate  an  ex- 
tremely rapid  transport  of  phospholipid 
molecules.  We  are  currently  trying  to 
expand  our  findings  by  examining  the 
internalization  of  exogenous  lipid  mol- 
ecules inserted  into  the  cell  surface  lipid 
bilayer.  As  detailed  earlier,  by  exam- 
ining the  rates  of  lipid  movement  both 
into  and  out  of  the  plasma  membrane, 
we  should  be  able  to  determine  if  lipid 
molecules  are  recycled  at  the  cell  sur- 
face. These  studies  may  yield  insight 
into  the  processes  of  membrane  recy- 
cling and  the  regulation  of  lipid  com- 
position within  subcellular  membranes. 


Phospholipid  Transfer  between 
Membranes 

J.  W.  Nichols 

The  transfer  of  lipid  molecules  be- 
tween various  membranes  and/or  lipo- 
proteins is  an  ubiquitous  process  of 
important  biological  significance.  For 
example,  the  function  and  activity  of 
phospholipids,  fatty  acids,  cholesterol, 
steroid  hormones,  fat-soluble  vitamins, 
and  lipophilic  drugs  require  their 
transfer  between  numerous  bilayer  and 
micellar  lipid  structures.  For  many  of 
these  amphiphiles  there  are  specific 
transport  systems  that  carry  these  mol- 
ecules to  different  membranes  within 
the  whole  organism  or  more  discretely 
between  different  membranes  within 
single  cells.  In  order  to  study  specific 
lipid  transport  systems,  one  has  to  know 
the  rate  and  mechanism  of  sponta- 
neous, noncatalyzed  transfer.  This  is 
where  we  began  our  studies  of  lipid 
transfer  between  membranes. 

In  the  previous  two  years  (Year  Book 
79,  80),  we  reported  the  use  of  fluores- 
cently  labeled  phospholipids  to  study  the 
mechanisms  of  spontaneous  transfer  of 
these  molecules  between  phospholipid 
vesicles.  We  have  learned  that  phos- 
pholipids are  transferred  between  ves- 
icles as  soluble  monomers  diffusing 


through  the  aqueous  phase  and  that  the 
rate  of  transfer  not  only  depends  on  the 
structure  of  the  phospholipid  but  also 
on  the  vesicle  composition.  We  are  now 
in  the  process  of  applying  the  same 
methods  to  study  this  transfer  process 
between  vesicles  and  cells.  Our  initial 
results  indicate  that  phospholipids  are 
spontaneously  transferred  to  cells  by  the 
diffusion  of  soluble  monomers  and  that 
the  mathematical  model  developed  to 
describe  vesicle-vesicle  transfer  can  be 
applied  to  vesicle-cell  transfer  as  well. 
From  this  kinetic  analysis  we  found  that 
the  dissociation  constant  for  cells  is  eight 
times  less  than  for  vesicles,  meaning 
that  the  spontaneous  transfer  of  phos- 
pholipids occurs  more  slowly  between 
cells  than  between  vesicles.  In  other 
words,  outer  leaflet  plasma  membrane 
phospholipids  are  more  stable  than  those 
in  vesicles. 

Given  our  improved  understanding 
of  spontaneous  lipid  transfers,  we  have 
recently  begun  to  investigate  protein- 
mediated  vesicle-vesicle  and  vesicle-cell 
phospholipid  transfer.  The  same  flu- 
orescent techniques  developed  for  the 
spontaneous  transfer  studies  can  be  used 
with  a  few  modifications  to  study  pro- 
tein-mediated transfer.  With  these  sen- 
sitive and  easy-to-use  fluorescence 
techniques  we  hope  to  determine  the 
mechanism  of  action  of  the  transfer  pro- 
teins found  in  most  cells.  There  remains 
a  controversy  whether  these  transfer 
proteins  bind  and  carry  phospholipids 
between  membranes  or  whether  they 
act  to  increase  the  rate  of  soluble  mon- 
omer transfer. 

Finally,  our  initial  studies  indicate 
that  the  nonspecific  transfer  protein 
isolated  from  bovine  liver  can  transfer 
and  integrate  phospholipids  into  the 
plasma  membrane  of  cultured  cells.  This 
finding  will  allow  us  to  integrate  la- 
beled phospholipids  into  the  cell  surface 
and  follow  their  fate  with  time.  A  suit- 
able method  for  introducing  naturally 
occurring  phospholipids  into  the  exter- 
nal cell  surface  has  been  a  major  ob- 
stacle to  our  efforts  to  study  membrane 
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phospholipid  turnover  and  metabolism 
in  cells. 


Studies  on  Membrane  Fusion  in 
Artificial  Phospholipid  Bilayers 

Dick  Hoekstra 

Artificial  lipid  vesicles  composed  of 
acidic  phospholipids,  particularly  phos- 
phatidylserine  (PS),  are  extensively  used 
as  a  model  system  to  explain  the  mo- 
lecular mechanism  or  mechanisms  un- 
derlying membrane  fusion  in  various 
biological  processes.  To  demonstrate  the 
occurrence  of  genuine  fusion  between 
two  lipid  vesicles,  two  criteria  should 
be  met:  (1)  merging  of  the  two  lipid  bi- 
layers and  (2)  concomitant  coalescence 
of  the  aqueous  intravesicular  compart- 
ments. 

In  Year  Book  79  and  Year  Book  80, 
we  described  an  assay  for  membrane 
fusion  which  permits  continuous  mon- 
itoring of  lipid  intermixing.  In  this  as- 
say, two  non-exchangeable  fluorescent 
lipid  markers,  N-NBD-PE  and  N-Rh- 
PE,  are  incorporated  into  separate  bi- 
layers. Upon  fusion,  mixing  of  the  probes 
within  the  same  bilayer  occurs,  per- 
mitting resonance  energy  transfer  be- 
tween the  fluorescent  donor  (AT-NBD- 
PE)  and  acceptor  (N-Rh-PE)  molecules, 
which  results  in  quenching  of  NBD-flu- 
orescence.  However,  fusion  assays  based 
on  lipid  mixing  do  not  provide  insight 
into  the  integrity  of  the  vesicles  during 
fusion  and,  in  principle,  the  possibility 
exists  that  only  fusion  of  membrane 
fragments  is  monitored.  To  examine  this 
possibility,  the  kinetics  of  vesicle  fusion 
based  on  membrane  lipid  mixing  were 
compared  to  those  obtained  for  the  co- 
alescence of  intravesicular  compart- 
ments. The  latter  process  was  monitored 
by  following  the  appearance  of  the  flu- 
orescent complex  Tb(DPA)33~ ,  which  is 
formed  upon  coalescence  of  intravesi- 
cular spaces  when  two  vesicle  popula- 
tions, one  containing  terbium  (Tb3  + )  and 
the  other  containing  dipicolinic  acid 


concentration  (mM ) 


Fig.  26.  Initial  rates  of  fusion  of  small  unila- 
mellar PS  vesicles  as  a  function  of  the  Ca2+  con- 
centration based  on  lipid  mixing  and  on  mixing 
of  aqueous  contents.  Fusion  was  induced  by  ad- 
dition of  various  concentrations  of  Ca2+  to  an 
equimolar  mixture  of  PSA/V-NBD-PE  (98:2)  and 
PS/N-Rh-PE  (98:2)  vesicles  to  monitor  the  fusion 
kinetics  using  the  resonance  energy  transfer  as- 
say (triangles)  or  to  an  equimolar  mixture  of  Tb3  +  - 
and  DPA-containing  vesicles  to  monitor  the  mix- 
ing of  aqueous  contents  (open  circles).  Dashed 
line  (closed  circles)  shows  the  initial  fusion  rate 
as  determined  by  the  Tb3+  assay,  after  correction 
for  vesicle  leakage  (see  text). 


(DPA),  are  fused  in  the  presence  of 
Ca2  +  ). 

Figure  26  shows  the  results  of  an  ex- 
periment in  which  the  initial  fusion  rates 
for  both  assays  were  determined  as  a 
function  of  the  Ca2+  concentration. 
Based  on  the  ratio  of  the  initial  rate  of 
fusion  to  that  of  the  initial  rate  of  ve- 
sicle leakage  (determined  in  the  ab- 
sence of  EDTA),  it  was  calculated  that 
during  the  initial  fusion  events  the  rate 
of  leakage  was  approximately  25%  of 
the  rate  of  fusion  as  monitored  by  the 
Tb3  +  -fusion  assay.  The  initial  fusion  rate 
corrected  for  leakage  is  also  shown, 
demonstrating  that  the  initial  fusion 
rates  were  similar  using  both  fusion  as- 
says and  that  the  majority  of  the  PS 
vesicles  meet  both  of  the  requirements 
for  genuine  fusion  (as  described  above). 
Moreover,  the  results  indicate  that  the 
resonance  energy  transfer  assay  and  the 
Tb3  +  assay  may  be  very  useful  as  com- 
plementary tools  in  the  study  of  mem- 
brane fusion. 
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MOLECULAR  STUDIES  ON  MAIZE  GENES  WITH 
CONTROLLING  ELEMENT  MUTATIONS 

N.  Fedoroff,  D.  Chaleff,  J.  Mauvais,  M.  Shure,  and  S.  Wessler 


The  controlling  elements  in  maize  are 
transposable  elements  which  cause  un- 
stable insertion  mutations  as  well  as 
chromosome  breakage  and  rearrange- 
ment. (See  Year  Book  80  for  a  summary 
of  controlling  element  properties.)  The 
overall  objective  of  the  current  studies 
is  to  isolate  controlling  elements,  as  well 
as  to  understand  the  molecular  basis  of 
the  mutations  associated  with  the  ele- 
ments. We  are  approaching  the  isola- 
tion of  elements  through  cloning  genes 
that  encode  abundant  gene  products  and 
which  are  known  to  have  mutant  al- 
leles whose  origin  is  associated  with  a 
controlling  element.  Studies  in  the  past 
year  have  been  focused  on  analyzing 
the  structure  and  expression  of  the 
Shrunken  (Sh)  locus  in  several  unsta- 
ble mutants,  as  well  as  on  cloning  a 
cDNA  copy  of  the  mRNA  encoded  by 
the  Waxy  (Wx)  locus. 

The  Shrunken  Locus 

N.  Fedoroff,  D.  Chaleff,  and  J.  Mauvais 

Preliminary  experiments  were  re- 
ported in  Year  Book  80  on  the  structure 
and  expression  of  the  Shrunken  locus 
in  several  strains  with  mutations  whose 
origin  is  associated  with  the  transpos- 
able element  Ds.  These  studies  were 
continued  during  the  past  year.  The 
mutant  strains  analyzed  are  desig- 
nated sh-m5933,  sh-m6233,  and  sh- 
m6258.  An  additional  strain,  desig- 
nated sh-m6795,  has  also  been  ana- 
lyzed. The  sh-m6795  strain  is  related 
to  the  sh-m6258  strain  and  constitutes 
a  spontaneous  unstable  recessive  allele 
derived  from  an  Sh  revertant  of  the  sh- 
m6258  strain.  The  objective  of  these 
studies  was  to  obtain  insight  into  the 
structure  of  the  Sh  locus  in  the  mutant 
strains  and  the  mechanism  whereby  the 
controlling  element  mutations  affect 
gene  expression. 


The  results  of  our  initial  structural 
studies  on  the  Sh  locus  in  strains  sh- 
m5933,  sh-m6233,  and  sh-m6258  were 
reported  in  Year  Book  80  (pp.  164-174). 
Strains  sh-m5933  and  sh-6233  were 
shown  to  have  structural  alterations 
near  the  5'  end  of  the  transcription  unit 
(Fig.  27,  b  and  c),  and  we  reported  pre- 
liminary evidence  that  strain  sh-m6258 
contains  an  insertion  in  an  intervening 
sequence  near  the  3'  end  of  the  gene. 
The  results  of  subsequent  experiments 
have  failed  to  support  the  inference  that 
the  modification  detected  in  the  tran- 
scription unit  is  an  insertion.  The  sh- 
m6258  and  the  sh-m6795  strains  both 
contain  a  DNA  rearrangement,  one 
endpoint  of  which  is  located  in  an  in- 
tervening sequence  that  is  spanned  by 
the  cDNA  probe.  As  shown  in  Fig.  27a, 
the  Sh  locus  has  a  4.9-kb  Hind  III  frag- 
ment and  a  6.6-kb  Bgl  II  fragment  that 
overlap  each  other  in  a  0.2-kb  region 
spanned  by  the  cDNA  probe,  but  not 
wholly  contained  within  it.  Both  of  these 
fragments  are  missing  in  DNA  from  each 
mutant  and  are  replaced  by  larger  frag- 
ments, indicating  that  both  mutations 
map  to  this  region.  As  displayed  in  Ta- 
ble 2,  both  the  sh-m6795  and  sh-m6258 
DNAs  contain  a  13.0-kb  Bgl  II  frag- 
ment, whereas  the  altered  Hind  III 
fragment  in  the  sh-m6795  (14.5  kb)  is 
larger  than  that  found  in  the  sh-m6258 
DNA  (12.3  kb). 

Because  the  locus  is  disrupted  within 
the  portion  of  the  transcription  unit 
represented  in  the  cloned  sucrose  syn- 
thetase cDNA  in  both  the  sh-m6258 
strain  and  the  sh-m6795  strain,  sepa- 
rate probes  with  homology  to  sequences 
on  the  5'  and  3'  side  of  the  rearrange- 
ment breakpoint  could  be  prepared.  Such 
probes  were  used  to  analyze  restriction 
enzyme  digests  of  genomic  DNA  from 
strains  sh-m6258  and  the  related  sh- 
m6795  strain.  In  all  of  the  restriction 
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Fig.  27.  A  partial  restriction  endonuclease  cleavage  site  map  of  the  Sh  locus  in  various  maize 
strains.  The  location  of  restriction  enzyme  sites  in  the  vicinity  of  the  sucrose  synthetase  transcription 
unit  is  shown  for  (a)  the  Sh  progenitor  strain  from  which  the  sh-m  strains  were  derived,  (b)  the  sh- 
m6233  strain,  (c)  the  sh-m5933  strain,  and  (d)  the  sh-m6258  and  sh-m6795  strains.  The  restriction 
enzyme  sites  represented  are  Xba  I  (X),  Hind  III  (H),  Bgl  II  (B),  Sst  I  (S),  PstI  (P),  and  Bst  EII  (E). 
The  region  homologous  to  the  cDNA  probe  is  indicated  below  the  diagram  and  spans  an  intervening 
sequence  of  0.15-0.2  kb  near  the  3'  end  of  the  sequence  represented  in  the  mRNA.  The  direction  of 
transcription  is  indicated.  The  region  of  the  locus  with  altered  restriction  enzyme  cleavage  sites  in 
the  sh-m  strains  is  represented  by  open  boxes  in  b,  c,  and  d.  The  discontinuous  portion  of  the  boxes 
in  b  and  c  represents  the  uncertainty  in  the  location  of  the  junction  between  Sh  locus  sequences  and 
foreign  sequences. 


enzyme  digests  probed  to  date,  frag- 
ments of  different  sizes  are  detected  by 
the  two  probes,  indicating  that  there  is 
one  or  more  cleavage  site  for  the  indi- 
cated enzyme  in  the  sequence  separat- 
ing the  5'  end  from  the  3'  end  of  the 
gene.  The  structural  alteration  in  strains 
sh-m6258  and  sh-m6795  is  therefore  ei- 
ther a  very  large  insertion  or  a  rear- 
rangement having  one  endpoint  in  an 
intervening  sequence  near  the  3'  end 
of  the  transcription  unit  (Fig.  27d).  The 
Sh  locus  rearrangement  is  similar  but 
not  identical  in  the  two  strains.  As  shown 
in  Table  2,  the  Hind  III,  Bst  EII,  and 
Sst  I  restriction  endonuclease  frag- 
ments with  homology  to  the  3'  end  of 
the  transcription  unit  are  the  same  size 
in  both  strains,  while  the  fragments  de- 
tected by  a  probe  with  homology  to  the 
portion  of  the  transcription  unit  on  the 
5'  side  of  the  rearrangement  break- 
point differ  in  the  two  strains.  Four  Bam 
HI  fragments  with  homology  to  the 
cDNA  probe  have  consistently  been  ob- 
served in  strains  sh-m6258  and  sh- 
m6795.  If  the  rearrangement  contained 
in  these  mutants  is  a  simple  insertion 
or  inversion,  then  no  more  than  two 


fragments  are  expected  to  hybridize  with 
the  probe.  Thus,  one  explanation  of  these 
data  is  that  both  mutant  strains  have 
partial  duplications  of  the  rearranged 
Sh  locus.  If  this  interpretation  is  cor- 
rect, then  more  than  two  Eco  RI  and 
Bst  EII  fragments  might  be  expected  to 
hybridize  with  the  probe.  This  predic- 
tion has  not  been  verified.  Rather,  only 
two  Eco  RI  and  two  Bst  EII  fragments, 
one  of  which  hybridizes  to  the  5'  portion 
and  the  other  to  the  3'  portion  of  the 
cDNA,  are  detected  (Table  2).  An  al- 
ternative explanation  is  that  the  maize 
DNA  is  modified  in  such  a  way  that  a 
nonrandom  set  of  Bam  HI  recognition 
sequences  is  resistant  to  the  enzyme. 
Although  we  cannot  unequivocally  dis- 
tinguish between  these  two  possibili- 
ties, we  favor  the  latter  alternative. 

Studies  have  been  carried  out  on 
expression  of  the  rearranged  sucrose 
synthetase  locus  in  all  of  the  sh-m 
strains  whose  structures  are  repre- 
sented in  Fig.  27.  Immature  endosperm 
tissue  was  examined  for  the  presence 
of  the  Sh-encoded  sucrose  synthetase 
and  related  polypeptides.  Partially  pur- 
ified sucrose  synthetase  preparations 
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TABLE  2.  Mean  Lengths  of  Restriction  Fragments 
Homologous  to  Cloned  Sucrose  Synthetase  cDNA 


Restriction  Enzyme 

Sh  Allele 

Hind  III 

BgUI 

Pst  I  +  Eco 
RI 

SstI 

Bst  EII 

Xbal 

Eco  RI 

Bam  HI 

Bell 

Sh 

4.9 
0.8 

6.6 
3.5 

6.1 
0.9 

2.0 

3.2 

10.4 

25.6 

19.0 

9.2 

sh-m6795 

14.5 
0.8 

13.0 
3.5 

10.4 
0.9 

4.4(  +  )* 
6.4(o) 

19.K  +  ) 
22.0(o) 

12.0 

8.4 

22.3(  + ) 
14.0(o) 

24.0 
16.0 
12.7 
10.7 

13.8 
10.3 

sh-m6258 

12.3 
0.8 

13.0 
3.5 

n.d.f 

20.3(  +  ) 
6.4(o) 

16.0(  +  ) 
22.0(o) 

n.d. 

22.3(  +  ) 
13.5(o) 

23.3 
15.5 
12.4 
10.6 

n.d. 

*The  "  +  "  indicates  that  the  fragment  hybridizes  to  the  portion  of  the  cDNA  probe  located  on  the 
5'  side  of  the  rearrangement  breakpoint.  The  "o"  indicates  that  the  fragment  hybridizes  to  the  cDNA 
probe  located  on  the  3'  side  of  the  breakpoint. 

fn.d.  =  not  determined. 


were  fractionated  on  a  polyacrylamide 
gel  under  non-denaturing  conditions 
which  permit  separation  of  the  major 
and  minor  sucrose  synthetases.  (See 
Year  Book  80,  pp.  164-174,  for  a  dis- 
cussion of  the  minor  sucrose  synthe- 
tase.) Under  these  conditions,  the  minor 
sucrose  synthetase  present  in  a  strain 
with  a  deletion  mutation  at  the  Sh  lo- 
cus migrates  slightly  more  rapidly  than 
does  the  Sh-encoded  sucrose  synthetase 
(Fig.  28a,  lanes  3,  4,  and  5).  The  Sh- 
encoded  enzyme  is  more  abundant  than 
the  minor  sucrose  synthetase  which,  we 
estimate  from  the  observation  that  a 
20:1  mixture  of  extracts  from  mutant 
and  nonmutant  endosperm  contain 
roughly  equal  amounts  of  the  two  pro- 
teins (Fig.  28a,  lane  5),  comprises  no 
more  than  5%  of  the  total  sucrose  syn- 
thetase in  endosperm  tissue.  Immature 
endosperm  tissue  of  strains  homozy- 
gous for  the  sh-m5933,  sh-m6233,  sh- 
m6258,  and  sh-m6795  mutations  con- 
tain the  minor  sucrose  synthetase  but 
no  detectable  Sh-encoded  sucrose  syn- 
thetase (Fig.  28a,  lanes  1,  2,  6,  and  7). 
Immature  endosperm  tissue  of  strains 
homozygous  for  controlling  element 
mutations  at  the  Sh  locus  was  also  ex- 


amined for  the  presence  of  polypeptides 
precipitable  with  antiserum  to  sucrose 
synthetase.  The  sensitivity  of  such  an 
experiment  is  limited  by  the  immuno- 
precipitability  of  the  minor  sucrose  syn- 
thetase with  antiserum  prepared  against 
the  Sh-encoded  sucrose  synthetase,  as 
well  as  by  the  virtual  identity  in  size 
(92  kD)  of  the  major  and  minor  sucrose 
synthetase  monomers.  The  immuno- 
precipitable  polypeptides  detectable  in 
immature  endosperm  tissues  of  the  sh- 
in strains  were  fractionated  on  a  de- 
naturing polyacrylamide  gel,  as  were 
the  proteins  precipitable  from  endo- 
sperm of  an  Sh  strain  and  a  strain  with 
a  deletion  mutation  at  the  Sh  locus  (Fig. 
28b).  All  of  the  sh-m  strains  contained 
roughly  comparable  amounts  of  an  im- 
munoprecipitable  92-kD  protein.  The 
amount  of  immunoprecipitable  92-kD 
protein  present  in  the  sh-m  strains  was 
similar  to  the  amount  present  in  a  strain 
with  a  deletion  mutation  at  the  Sh  lo- 
cus and  much  less  than  the  amount 
present  in  an  Sh  strain.  Thus  none  of 
the  sh-m  strains  synthesize  large 
amounts  of  a  protein  that  cross-reacts 
with  sucrose  synthetase  antiserum,  and 
most  or  all  of  the  92-kD  protein  detect- 
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b.       1  2         3         4        5         6 


Fig.  28.  Electrophoretic  analysis  of  native  and  immunoprecipitated  sucrose  synthetase  proteins 
from  maize  strains  homozygous  for  various  alleles  of  the  Sh  locus. 

(a).  Aqueous  extracts  of  single  frozen  immature  endosperms  were  prepared  and  sucrose  synthetase 
was  partially  purified  by  adsorption  to  Affi-Gel  Blue  affinity  resin.  Extracts  were  then  fractionated 
without  denaturation  on  a  7%  polyacrylamide  gel,  and  the  proteins  were  visualized  by  silver  staining. 
The  strains  used  in  this  experiment  were  homozygous  for  the  indicated  alleles  and  lacked  the  Ac 
element.  The  strains  and  total  input  protein  were:  (1)  sh-m5933,  150  (xg;  (2)  sh-m6233,  150  (xg;  (3)  Sh, 
10  (xg;  (4)  sh-bz-x3  (deletion  mutation),  200  (xg;  (5)  a  mixture  of  Sh  and  sh-bz-x3  extracts,  10  jxg  and 
200  (xg  respectively;  (6)  sh-m6258,  150  |xg;  (7)  sh-m6795,  150  |xg. 

(b).  Aqueous  extracts  from  single  immature  frozen  endosperms  were  prepared  and  used  for  im- 
munoprecipitation  of  protein  with  antiserum  to  sucrose  synthetase.  Antigen-antibody  complexes  were 
recovered  by  binding  to  protein  A-Sepharose,  the  proteins  were  analyzed  on  a  10%  SDS-polyacry- 
lamide  gel  and  visualized  by  silver  staining.  The  arrow  designates  the  position  to  which  purified 
sucrose  synthetase  monomers  migrate  under  these  conditions.  The  strains  and  total  input  protein 
were:  (1)  sh-m5933,  125  |xg;  (2)  sh-m6233,  125  |xg;  (3)  sh-m6258,  125  (xg;  (4)  sh-m6795,  125  (xg;  (5)  sh- 
bz-m.4  (deletion),  125  \xg;  (6)  Sh,  5  (xg. 


able  in  endosperm  tissue  is  likely  to  be 
the  minor  sucrose  synthetase  not  en- 
coded by  the  Sh  locus.  Small  amounts 
of  two  immunoprecipitable  polypep- 
tides having  apparent  molecular  weights 
of  82  kD  and  85  kD  were  detected  in 
endosperm  tissue  of  strains  sh-m6258 
and  sh-m6795  (Fig.  28b,  lanes  3  and  4). 
The  proteins  are  present  in  equal 
amounts  and  are  less  abundant  than 
the  minor  sucrose  synthetase  mon- 
omer. An  indication  that  both  minor 
proteins  are  encoded  by  the  mutant  Sh 
locus  in  these  strains  came  from  the 
observation  that  the  mRNAs  encoding 
the  proteins  could  be  isolated  by  prep- 
arative hybridization  of  mRNA  to  a 
plasmid  containing  a  cDNA  insert  ho- 
mologous to  Sh  mRNA  but  not  to  the 
parent  plasmid  (Fig.  29a).  Although  very 


small  amounts  of  the  minor  polypep- 
tides are  observed  in  vivo  (Fig.  28b),  the 
results  of  in  vitro  translation  experi- 
ments suggest  that  the  corresponding 
mRNAs  are  relatively  abundant.  Thus, 
for  example,  when  kernel  mRNAs  from 
strains  sh-m6258  and  sh-m6795  are 
translated  in  vitro  and  the  translation 
products  are  immunoprecipitated,  the 
82-kD  and  85-kD  polypeptides  are  more 
abundant  (Fig.  29b,  lanes  2  and  3,  ar- 
rows) than  the  minor  sucrose  synthe- 
tase monomer  migrating  just  ahead  of 
the  SA-encoded  sucrose  synthetase 
monomer  (Fig.  29b,  lane  1,  arrow).  The 
results  of  these  experiments  suggest  that 
immature  kernels  of  strains  sh-m6258 
and  sh-m6795  contain  relatively  abun- 
dant poly  A+  mRNAs  encoding  82-kD 
and  85-kD  proteins  immunologically 
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Fig.  29.  Immunoprecipitation  of  35S-methionine-labeled  proteins  translated  in  vitro  from  poly  A  + 
RNA  isolated  from  immature  kernels  of  sh-m6795,  sh-m6258,  and  Sh  strains. 

(a).  Poly  A+  RNA  homologous  to  the  cloned  Sh  cDNA  was  isolated  by  preparative  hybridization 
to  filter-bound  plasmids  and  recovered  for  in  vitro  translation.  The  translation  products  were  subjected 
to  immunoprecipitation  with  antiserum  to  sucrose  synthetase.  The  immunoprecipitates  were  disso- 
ciated and  analyzed  on  a  10%  SDS-polyacrylamide  gel.  The  sources  of  the  poly  A+  RNA  and  the 
immobilized  plasmid  used  for  preparative  hybridization  were:  (1)  sh-m6795y  pSh8-l  (Sh  cDNA  plas- 
mid);  (2)  sh-m6795,  pBR322;  (3)  sh-m6258,  pSh8-l;  (4)  sh-m6258,  pBR322.  Poly  A+  RNA  from  im- 
mature kernels  of  an  Sh  strain  was  translated  and  immunoprecipitated  without  preparative  hybridization 
to  obtain  the  labeled  translation  products  displayed  in  lane  5. 

(b).  Total  poly  A+  RNA  purified  from  immature  kernels  was  translated  in  vitro,  and  the  translation 
products  were  subjected  to  immunoprecipitation.  Antigen-antibody  complexes  were  recovered  by 
binding  to  protein  A-Sepharose,  and  the  complexes  were  dissociated  and  analyzed  on  a  10%  SDS- 
polyacrylamide  gel.  The  strains  used  as  a  source  of  kernel  poly  A+  RNA  were  (1)  Sh;  (2)  sh-m6258; 
(3)  sh-m6795.  The  arrow  adjacent  to  lane  1  indicates  the  position  of  unlabeled  sucrose  synthetase 
monomer  in  the  gel.  The  arrows  on  the  right  indicate  the  positions  of  the  immunologically  cross- 
reactive  proteins  synthesized  in  vitro  from  the  mRNA  of  both  mutant  strains.  Apparent  molecular 
weights  of  85  and  82  kD  have  been  estimated  for  the  proteins  from  molecular  weight  standards 
included  in  the  gel. 


related  to  sucrose  synthetase.  By  con- 
trast, immature  kernels  of  strains  sh- 
m5933  and  sh-m6233  do  not  contain  de- 
tectable levels  of  either  native  sucrose 
synthetase  or  immunologically  related 
polypeptides,  except  for  those  encoded 
by  the  second  sucrose  synthetase  gene. 
The  results  of  initial  studies  on  tran- 
scripts of  the  Sh  locus  were  reported  in 


Year  Book  80  (pp.  164-174)  and  indi- 
cated that  very  small  amounts  (0.5-1%) 
of  what  appears  to  be  a  normal  sucrose 
synthetase  mRNA  are  present  in  im- 
mature kernels  of  strains  homozygous 
for  the  sh-m5933  and  sh-m6233  strains. 
Figure  30  shows  the  results  of  a  hy- 
bridization experiment  in  which  kernel 
poly  A  +  mRNAs  from  strain  sh-m6795, 
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Fig.  30.  Blot  hybridization  analysis  of  poly  A  + 
RNAs  homologous  to  sucrose  synthetase  cDNA 
in  immature  kernels  of  strains  homozygous  for 
various  alleles  of  the  Sh  locus.  Poly  A+  RNA  was 
purified  from  immature  frozen  kernels,  fraction- 
ated on  agarose  gels,  transferred  to  a  nitrocel- 
lulose filter,  and  hybridized  with  32P-labeled  cloned 
Sh  cDNA.  The  strains  from  which  the  poly  A  + 
RNA  was  purified  and  the  amount  applied  to  the 
gel  were:  (left  lane)  sh-m6795,  8  |xg;  (center 
lane)  sh-bz-x3  deletion  mutation,  8  n-g;  (right 
lane)  Sh,  1  \i.g.  The  arrow  designates  the  position 
to  which  sucrose  synthetase  mRNA  migrates  un- 
der these  conditions.  The  length  of  the  sucrose 
synthetase  mRNA  is  3.0  kb,  as  determined  from 
its  mobility  relative  to  rRNA  standards  included 
in  the  gel. 


as  well  as  an  Sh  strain  and  a  strain  with 
a  deletion  mutation  at  the  Sh  locus,  were 
fractionated  on  a  gel,  blotted  onto  a  ni- 
trocellulose filter,  and  probed  with 
cloned,  labeled  Sh  cDNA.  A  poly  A  + 
RNA  homologous  to  the  Sh  cDNA  probe, 
but  shorter  by  approximately  0.2  kb  than 
the  3.0-kb  sucrose  synthetase  mRNA 
(Fig.  30,  right  lane)  is  present  in  strain 
sh-m6795  (Fig.  30,  left  lane).  Identical 
results  were  obtained  using  mRNA  from 
immature  kernels  of  strains  sh-m6258. 
Further  experiments  were  carried  out 
to  investigate  the  structure  of  the  Sh 
locus  transcripts  produced  in  immature 
endosperm  tissue  of  strains  sh-m.6258 
and  sh-m6795.  It  was  found  that  the 
transcripts  present  in  both  strains  lack 
homology  to  the  Sh  locus  beyond  the 
rearrangement  breakpoint  within  the 
gene  (data  not  shown).  Transcripts  of 
the  portion  of  the  transcription  unit  be- 
yond the  rearrangement  breakpoint  are 
undetectable.  Because  the  aberrant 
transcripts  of  the  Sh  locus  present  in 
immature  kernels  of  strains  sh-m6258 
and  sh-m6795  are  relatively  abundant, 
we  conclude  that  the  genetic  rearrange- 
ments in  these  strains  have  little  or  no 
effect  on  initiation  of  transcription. 

In  summary,  the  results  of  studies  on 
the  structure  and  expression  of  the  Sh 
locus  in  several  unstable  mutants  whose 
origin  is  associated  with  the  controlling 
element  Ds  suggest  that  the  mutations 
are  of  two  different  types  with  respect 
to  their  effect  on  the  structure  and 
expression  of  the  locus.  Two  of  the 
strains,  sh-m5933  and  sh-m6233,  con- 
tain rearrangements  which  affect  the 
sequence  of  the  5'  side  of  the  transcrip- 
tion unit,  although  it  is  not  known 
whether  either  mutation  actually  al- 
ters the  sequence  of  the  transcription 
unit  itself.  Neither  native  sucrose  syn- 
thetase nor  immunologically  cross-re- 
active proteins  encoded  by  the  mutant 
Sh  locus  are  detectable  in  immature 
kernels  of  either  strain.  Very  small 
amounts  of  what  appears  to  be  a  normal 
mRNA  are  detectable,  however  (Year 
Book  80,  pp.  164-174).  It  may  be,  there- 
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fore,  that  the  mutations  in  these  strains 
affect  initiation  of  transcription,  al- 
though other  explanations  are  also  pos- 
sible. By  contrast,  the  related  strains 
sh-m6258  and  sh-m6795  have  an  al- 
teration within  the  transcription  unit 
itself.  The  locus  is  interrupted  either  by 
a  long  insertion  or  by  a  rearrangement, 
such  as  an  inversion,  having  one  end- 
point  in  an  intervening  sequence  near 
the  3'  end  of  the  mRNA  coding  region. 
Transcripts  of  the  5'  end  of  the  rear- 
ranged Sh  gene  are  relatively  abun- 
dant in  immature  kernels  of  both  strains. 
The  transcripts  are  only  slightly  shorter 
than  the  3.0-kb  sucrose  synthetase 
mRNA,  although  they  lack  approxi- 
mately 0.5  kb  of  sequence  normally 
present  in  the  sucrose  synthetase 
mRNA.  The  transcripts  encode  two 
polypeptides  antigenically  related  to 
sucrose  synthetase,  but  shorter  than  the 
sucrose  synthetase  monomer  by  ap- 
proximately 7  and  10  kD.  Thus  the  mu- 
tation in  these  strains  has  little  or  no 
effect  on  initiation  of  transcription  of 
the  Sh  locus,  and  the  mutant  phenotype 
appears  to  be  due  to  the  failure  to  pro- 
duce a  normal  polypeptide.  The  obser- 
vation that  the  mutant  polypeptides 
encoded  by  the  Sh  locus  in  these  strains 
are  present  in  smaller  amounts  in  im- 
mature endosperm  than  expected  for  the 
mRNA  levels  suggests  that  the  aber- 
rant polypeptides  are  not  stable  in  vivo. 
We  have  no  explanation  for  the  pres- 
ence of  two  different  polypeptides.  One 
or  both  may  be  specific  degradation 
products,  or  they  may  be  encoded  by 
two  different  mRNAs. 

Several  spontaneous  Sh  revertants 
have  been  isolated  during  the  past  year 
from  the  unstable  sh-m5933  and  sh- 
m6233  strains.  In  agreement  with 
McClintock's  observations  (Year  Book 
52,  pp.  227-237),  all  of  the  revertants 
obtained  in  the  present  study  continue 
to  show  chromosome  breakage  just  dis- 
tal to  the  Sh  locus  in  the  presence  of 
the  autonomous  Ac  element.  However, 
several  of  the  Sh  strains  obtained  differ 
from  the  parent  strain  in  showing  chro- 


mosome breakage  later  in  kernel  de- 
velopment. All  of  the  revertants  that 
show  late  breakage  displayed  the  al- 
teration in  the  endosperm  of  the  ini- 
tially selected  Sh  kernel,  suggesting  that 
the  change  in  timing  of  chromosome 
breakage  occurred  concomitantly  with 
the  reversion  event  at  the  Sh  locus.  In 
several  cases  it  has  been  possible  to  as- 
certain from  the  phenotypes  of  certain 
recombinant  kernels  that  the  change  in 
timing  has  not  affected  the  Ac  element 
present  in  the  strain  and  must  there- 
fore reside  at  the  Sh  locus.  Experiments 
have  been  undertaken  to  analyze  the 
structure  of  the  Sh  locus  in  the  rever- 
tant  strains.  Preliminary  experiments 
have  been  carried  out  on  six  revertant 
strains  derived  from  the  sh-m5933  mu- 
tant. The  results  indicate  that  the  rev- 
ertants are  structurally  complex.  The 
lengths  of  the  Hind  III  and  Bgl  II  frag- 
ments containing  the  rearrangement 
breakpoint  in  the  sh-m5933  strain  are 
similar  in  the  revertant  strains  and  in 
the  progenitor  strain.  However,  the 
revertant  strains  contain  additional  se- 
quences with  homology  to  the  portion 
of  the  Sh  locus  on  the  5'  side  of  the 
rearrangement  breakpoint,  suggesting 
the  presence  of  a  partial  duplication  of 
the  locus.  Thus  reversion  of  the  sh- 
m5933  allele  is  accompanied  by  changes 
in  the  molecular  organization  of  the  lo- 
cus. Because  the  Ds  element  is  still 
present  in  the  revertant  strains  at  the 
same  genetic  site,  reversion  is  unlikely 
to  be  accomplished  by  long-range  trans- 
position of  the  Ds  element.  We  now  fa- 
vor the  hypothesis  that  both  the  original 
mutations  and  the  reversion  events  oc- 
cur by  local  rearrangments,  although 
the  possibility  that  they  occur  by  short- 
range  transpositions  of  the  Ds  element 
cannot  be  ruled  out. 


The  Waxy  Locus 

S.  Wessler  and  M.  Shure 

The  Waxy  locus  has  been  the  subject 
of  genetic  analysis  for  over  forty  years. 
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Our  interest  in  this  locus  stems  from 
the  fact  that  many  controlling  element 
alleles  of  Waxy  have  been  isolated  and 
characterized  (see  Nelson,  Genetics,  60, 
507,  1968).  Waxy  alleles  having  the  au- 
tonomous element  Ac  at  the  locus  have 
been  described,  as  have  alleles  with  in- 
sertions of  the  non-autonomous  ele- 
ments of  both  the  Ac-Ds  and  Spm 
controlling  element  families. 

There  is  experimental  evidence  in- 
dicating that  the  Waxy  locus  encodes  a 
starch  granule-bound  UDP-glucose- 
starch  glucosy transferase  (Nelson  and 
Rines,  Biochim.  Biophys.  Res.  Comm., 
9,  297,  1962).  In  Year  Book  80,  we  re- 
ported the  identification  and  purifica- 
tion of  the  Wx  gene  product.  The  protein 
is  tightly  bound  to  Wx  granules  but  is 
missing  from  granule  proteins  pre- 
pared from  most  strains  with  recessive 
mutations  of  the  Wx  locus  (Year  Book 
80,  160;  Echt  and  Schwartz,  Genetics, 
99,  275,  1981).  It  has  an  apparent  mo- 
lecular weight  of  55,000  daltons  and 
comprises  over  80%  of  the  starch  gran- 
ule protein  and  about  1%  of  the  total 
endosperm  protein  in  Wx  strains  har- 
vested 18-22  days  after  pollination 
(DAP).  When  starch  granule  proteins 
from  wx-m  alleles  were  examined,  the 
presence  of  the  55-kD  protein  corre- 
lated with  somatic  reversion  from  the 
wx  to  Wx  phenotype  in  individual  en- 
dosperms. Antiserum  raised  against  the 
55-kD  protein  was  used  to  demonstrate 
that  the  somatic  reversion  in  one  strain, 
wx-m6,  correlates  with  the  appearance 
of  an  altered  protein  that  is  immuno- 
logically related  to  the  55-kD  protein. 
The  antiserum  also  enabled  us  to  dis- 
tinguish the  Wx  gene  product  from  the 
total  products  of  in  vitro  translation 
programmed  by  endosperm  mRNA.  In 
vitro,  the  Wx  protein  is  synthesized  as 
a  60-kD  preprotein  and  accounts  for  1- 
3%  of  the  35S-methionine  incorporated 
into  total  translation  products.  In  ad- 
dition, mRNA  isolated  from  two  strains 
containing  standard  recessive  (wx)  al- 
leles does  not  direct  the  synthesis  of  the 
60-kD  protein  in  vitro. 


During  the  past  year  we  have  contin- 
ued our  investigation  of  the  molecular 
biology  of  the  Wx  locus  by  constructing 
and  identifying  cDNA  clones  homolo- 
gous to  Wx  mRNA.  Total  endosperm  poly 
A+  RNA,  isolated  from  kernels  har- 
vested 18—22  DAP,  was  fractionated  on 
a  10-30%  sucrose  gradient.  The  posi- 
tion of  Wx  mRNA  was  determined  by 
translating  gradient  fractions  in  vitro 
and  displaying  the  labeled  products  on 
a  denaturing  polyacrylamide  gel.  The 
results  of  one  such  fractionation  and 
translation  are  shown  in  Fig.  31.  The 
position  of  the  60-kD  Wx  preprotein  is 
indicated  by  the  arrow  in  Fig.  31(a). 
This  polypeptide  is  the  most  abundant 
translation  product  in  fraction  5.  The 
A26o  profile  of  the  sucrose  gradient  is 
shown  in  Fig.  31(b).  From  this  we  es- 
timate that  Wx  mRNA  is  longer  than  2 
kb  and  has  been  enriched  about  five-  to 
tenfold  by  this  procedure. 

We  used  RNA  from  a  gradient  simi- 
lar to  fraction  5  in  Fig.  31(a)  as  a  tem- 
plate for  the  synthesis  of  cDNA.  We 
decided  to  utilize  a  protocol  designed  to 
maximize  our  chances  of  obtaining  long, 
double-stranded  (ds)  cDNA  molecules. 
To  this  end  we  employed  the  procedure 
of  Land  etal.  (Nucl.AcidsRes.,9,  2251, 
1981)  with  slight  modifications.  The 
basic  steps  include  (1)  oligo-dT-primed, 
reverse  transcriptase— catalyzed,  first- 
strand  cDNA  synthesis  using  poly  A  + 
RNA  as  a  template,  (2)  addition  of  dC 
residues  to  the  3'  end  of  the  first-strand 
cDNA,  and  (3)  oligo-dG-primed  second- 
strand  synthesis  using  the  dC-tailed  first 
strand  as  a  template.  The  double- 
stranded  cDNA  was  tailed  with  dC  res- 
idues, after  which  it  was  annealed  to 
dG  residues  that  had  been  added  to  the 
Pst  I  site  of  the  plasmid  vector  pBR322. 

Initially,  a  small  fraction  of  the  an- 
nealed mixture  was  used  to  transform 
E.  coli  strain  HB101.  We  recovered  187 
colonies  that  were  TetR  and  Amps,  in- 
dicating they  contained  cDNA  inser- 
tions in  the  ^-lactamase  gene  of  pBR322. 
In  order  to  determine  which  of  these 
colonies  harbored  the  desired  sequence, 
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Fig.  31.  Sucrose  gradient  fractionation  of  Wx 
endosperm  mRNA.  (a)  SDS-polyacrylamide  gel- 
electrophoretic  analysis  of  35S-methionine-la- 
beled  proteins  synthesized  in  a  rabbit  reticulocyte 
translation  system  and  programmed  by  the  mRNA 
gradient  fractions  indicated.  The  arrow  indicates 
the  position  of  the  60-kD  preprotein.  (b)  The  A260 
profile  of  50  |xg  of  Wx  endosperm  poly  A +  RNA 
fractionated  on  a  10-30%  sucrose  gradient.  Cen- 
trifugation  was  for  16  h  in  an  SW41  rotor  at  28,000 
rpm.  The  direction  of  sedimentation  is  from  right 
to  left.  The  arrows  indicate  the  positions  of  the 
two  maize  cytoplasmic  rRNAs. 


we  assayed  the  ability  of  the  chimeric 
plasmids  to  selectively  hybridize  Wx 
mRNA.  The  187  recombinants  were 
grown  separately,  amplified  with  chlor- 
amphenicol, and  then  pooled  into  groups 
of  six.  Cleared  lysates  were  made  from 
the  pools,  and  the  resultant  plasmid 


Fig.  32.  Identification  of  the  pool  of  recombi- 
nant plasmids  containing  pcWx0.3.  SDS-poly- 
acrylamide gel-electrophoretic  analysis  of  35S- 
methionine-labeled  proteins  synthesized  in  a 
rabbit  reticulocyte  lysate  system.  The  arrows  in- 
dicate the  position  of  the  60-kD  Wx  preprotein. 
(A)  Synthesis  was  programmed  by  total  poly  A  + 
RNA  from  Wx  endosperms  (18-22  DAP).  Lanes 
B,  C,  and  D  show  translation  products  of  RNAs 
hybrid-selected  by  the  following:  (B)  pBR322  DNA; 
(C)  pSh8-l  DNA,  a  chimeric  plasmid  containing 
sequences  homologous  to  sucrose  synthetase 
mRNA;  (D)  pool  #9  DNA,  a  group  of  six  chimeric 
plasmids,  one  of  which  contains  sequences  ho- 
mologous to  Wx  mRNA.  (E)  Translation  products 
obtained  if  no  exogeneous  RNA  is  added  to  the 
reticulocyte  lysate.  The  pattern  is  indistinguish- 
able from  that  in  lane  B.  The  series  of  very  dark 
bands  in  (B-E)  are  tRNAs  which  have  been 
charged  with  35S-methionine. 


DNAs  were  linearized,  denatured,  and 
bound  to  nitrocellulose  filter  discs. 
The  filters  were  screened  by  a  mod- 
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ification  of  the  method  for  hybrid-se- 
lected translation  described  by  Ricciardi 
et  al.,  (Proc.  Nat.  Acad.  Sci.  USA,  76, 
4927,  1979),  using  poly  A+  endosperm 
RNA.  Hybridized  RNA  was  eluted  from 
the  filters  and  translated  in  vitro.  The 
RNA  eluted  from  one  pool  programmed 
the  synthesis  of  a  60-kD  polypeptide  (Fig. 
32[D])  which  was  subsequently  shown 
to  be  specifically  immunoprecipitated 
by  Wx  antiserum  (data  not  shown). 
Therefore  we  screened  the  individual 
recombinants  in  this  pool  by  hybrid-se- 
lected translation  and  determined  that 
one  of  the  six  contained  an  inserted  Pst 
I  fragment  homologous  to  Waxy  mRNA. 
The  inserted  cDNA  fragment  is  ap- 
proximately 0.3  kb  in  length  and, 
therefore,  we  have  designated  this  plas- 
mid  pcWx0.3. 

As  an  independent  means  of  verify- 
ing that  this  plasmid  did  indeed  contain 
Wx  sequences,  pcWx0.3  DNA  was  la- 
beled by  nick-translation  and  was  used 
as  a  probe  to  identify  homologous  se- 
quences in  RNA  populations.  RNA  was 
fractionated  by  electrophoresis  through 
formaldehyde-containing  agarose  gels, 
transferred  to  nitrocellulose  filters,  and 
hybridized  with  the  32P-labeled  pcWx0.3 
DNA.  The  results  of  such  an  experi- 
ment are  shown  in  Fig.  33,  which  dem- 
onstrates that  pcWx0.3  DNA  is 
homologous  to  an  abundant  RNA  spe- 
cies approximately  2500  bases  in  length. 
This  RNA  species  is  present  in  poly  A  + 
RNA  prepared  from  Wx  endosperms  (Fig. 
33  [C])  as  well  as  in  the  gradient  frac- 
tion of  wild-type  RNA  which  has  been 
enriched  for  Wx  mRNA  sequences  (Fig. 
33  [F]).  This  2.5-kb  RNA  is  missing  from 
both  poly  A  RNA  (Fig.  33  [B])  (which 
is  composed  largely  of  rRNA  and  4S  and 
5S  RNAs)  and  from  poly  A+  RNA  pre- 
pared from  wx  endosperms  (Fig.  33  [D] 
and  [E]),  although  a  small  amount  of  a 
slightly  larger  homologous  RNA  spe- 
cies is  present  in  this  wx  strain.  The 
size  of  the  wild-type  RNA  agrees  well 
with  our  previous  estimates  of  the  length 
of  the  Wx  mRNA  based  on  sucrose-gra- 
dient fractionation  of  poly  A  +  RNA  and 
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Fig.  33.  Identification  of  RNAs  homologous  to 
pcWx0.3  DNA.  RNA  was  fractionated  by  electro- 
phoresis through  a  formaldehyde-containing  1.2% 
agarose  gel.  The  fractionated  RNA  was  trans- 
ferred to  a  nitrocellulose  filter,  after  which  the 
filter  was  hybridized  with  whole  pcWx0.3  DNA 
labeled  with  32P  by  nick-translation.  (A)  Unlabeled 
pBR322  DNA  which  had  been  digested  with  sev- 
eral restriction  endonucleases.  These  size  stan- 
dards are  visible  because  after  transfer  they 
hybridize  with  the  vector  portion  of  the  labeled 
pcWx0.3  DNA.  (B)  1  ug  of  poly  A  RNA,  (C)  1 
(xg  of  poly  A +  RNA  prepared  from  Wx  endosperms 
(18-22  DAP),  (D  and  E)  1  |xg  and  2  ^g,  respec- 
tively, of  poly  A  '  RNA  prepared  from  wx  endo- 
sperms (18-22  DAP),  (F)0.25  |xg  of  a  sucrose 
gradient  fraction  of  wild-type  poly  A +  endosperm 
RNA  which  had  been  enriched  for  Wx  sequences. 


subsequent  in  vitro  translation  of  the 
gradient  fractions  (shown  in  Fig.  31). 

In  order  to  identify  more  Wx  cDNA 
clones,  the  remainder  of  the  mixture  of 
annealed  ds  cDNA  and  tailed  vector  was 
used  to  transform  strain  MCI 061  (from 
M.  Casadaban,  a  strain  which  gives  at 
least  a  tenfold  higher  frequency  of 
transformation  than  HB101).  The  re- 
sulting 3000-4000  TetRAmps  trans- 
formants  are  currently  being  screened 
with  the  300-bp  insert  of  pcWx0.3  in  the 
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hopes  of  obtaining  a  plasmid  with  a 
larger  insert  homologous  to  Wx  mRNA. 
When  this  analysis  is  completed,  we  will 
begin  construction  of  a  complete  maize 
genomic  library  from  which  we  plan  to 
isolate  wild-type  Wx  locus  DNA.  Both 


the  cDNA  plasmids  and  the  genomic 
clones  will  be  used  to  analyze  the  gen- 
omic structure  and  the  transcription 
products  of  the  wild-type  Wx  locus  and 
several  very  interesting  wx-m  alleles. 


TRANSPOSABLE  GENETIC  ELEMENTS  IN  DROSOPHILA 

M.  Collins,  T.  Hazelrigg,  R.  Karess,  R.  Levis,  C.  Murphy,  K.  O'Hare,  and  G.  M.  Rubin 


The  overall  aim  of  our  laboratory  is 
to  determine  certain  aspects  of  the 
structure  and  function  of  transposable 
genetic  elements  in  Drosophila  melan- 
ogaster.  Last  year  we  described  the  iso- 
lation of  the  DNA  sequences  which 
comprise  the  white  locus.  This  locus 
controls  both  the  level  and  pattern  of 
pigmentation  in  the  eye.  Because  white 
is  a  nonessential  gene  and  has  an  easily 
scored  phenotype,  it  provides  an  at- 
tractive experimental  system  for  study- 
ing the  effects  of  transposable  element 
insertions  on  gene  expression.  Our  in- 
itial approaches  to  this  problem,  de- 
scribed in  last  year's  report,  have  been 
continued  during  the  past  year.  We  have 
also  isolated  and  characterized  a  new 
class  of  transposable  elements,  the  P 
elements. 

At  least  three  distinct  classes  of 
transposable  elements  have  now  been 
found  in  the  Drosophila  genome.  The 
major  structural  features  of  these  ele- 
ments are  depicted  in  Fig.  34.  We  have 
shown  that  elements  from  all  three 
classes  can  insert  in  or  near  the  white 
locus  and  disrupt  its  expression.  Figure 
35  shows  a  summary  of  the  structures 
of  the  resulting  mutant  white  alleles. 
Our  studies  during  the  past  year  have 
revealed  a  strong  correlation  between 
the  genetic  behavior  of  each  of  these 
insertion  mutations  and  the  nature  of 
the  responsible  transposable  element. 


The  white-ivory  Mutation  and  Its 
Revertants 

R.  E.  Karess  and  G.  M.  Rubin 

White  ivory  (wl)  is  a  modestly  unsta- 
ble allele  of  the  white  locus  that  confers 
a  faint  yellow-pink  phenotype  to  the 
eyes.  It  is  also  associated  with  a  reduced 
frequency  of  recombination  between 
flanking  marker  alleles  of  white.  wl  re- 
verts to  wild  type,  restoring  both  the 
original  eye  color  and  the  normal  re- 
combination frequency  within  the  lo- 
cus, at  a  rate  of  about  5  per  105  X 
chromosomes  in  homozygous  females, 
and  about  one-tenth  this  rate  in  males 
and  deletion  heterozygote  females.  (For 
a  review  of  the  genetic  properties  of  wl, 
see  Green,  in  The  Genetics  and  Biology 
of  Drosophila,  Volume  lb,  929,  1976). 

We  have  shown  by  Southern  blot 
analysis  and  by  molecular  cloning  that 
the  lesion  responsible  for  the  ivory 
phenotype  is  a  small  tandem  duplica- 
tion of  2.9  kb  within  the  white  locus 
(Fig.  36B).  By  heteroduplex  analysis  we 
delimited  the  duplicated  sequences  to 
between  about  610  bases  from  the  left- 
hand  Xbal  site,  and  540  bases  from  the 
rightmost  Xhol  site  in  Fig.  36B. 

The  genomic  structure  of  five  phen- 
otypic  revertants  and  one  "partial  re- 
vertant"  of  wl  was  examined.  Four  of 
the  revertants  (wi+B,  wi  +  c,  wi+D,  wi+E) 
proved  to  be  simple  deletions  of  one  copy 
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Fig.  34.  Summary  of  the  structures  of  three  classes  of  Drosophila  transposable  elements.  The  copia- 
like  elements  carry  long  direct  terminal  repeats.  Each  repeat  makes  up  about  5%  of  the  length  of 
the  element.  These  repeats  are  shown  at  an  expanded  scale  below  the  element  to  illustrate  the  presence 
of  short  imperfect  inverted  repeats  at  the  ends  of  each  long  direct  repeat  and  the  presence  of  a  few 
base  pairs  of  duplicated  target  sequence  flanking  the  element  which  were  present  in  one  copy  before 
insertion.  The  different  genomic  copies  of  the  elements  of  one  family  are  very  similar  in  structure 
to  one  another. 

The  FB  elements  comprise  a  family  of  heterogeneous,  but  cross-homologous  sequences  ranging  in 
size  from  a  few  hundred  base  pairs  to  several  kb.  Each  FB  element  carries  long  terminal  inverted 
repeats.  In  some  cases  the  entire  element  consists  of  these  inverted  repeats.  In  other  cases,  a  central 
sequence  is  located  between  the  inverted  repeats.  The  inverted  repeat  sequences  themselves  are 
internally  repetitious,  having  a  substructure  made  up  primarily  of  31-bp  tandem  repeats.  The  number 
of  these  31-bp  tandem  repeats  can  differ  not  only  between  FB  elements  but  also  between  the  termini 
of  a  single  FB  element. 

The  P  elements  have  a  structure  very  different  from  both  the  copra-like  and  FB  elements.  P  elements 
carry  perfect  terminal  inverted  repeats  of  31  bp.  A  fraction  of  the  P  elements  (about  one-third  in  the 
one  strain  examined)  are  very  similar  in  sequence  to  one  another  and  are  2.9  kb  in  length.  The 
remainder  of  the  P  elements  are  more  heterogeneous  but  all  appear  to  have  structures  consistent 
with  their  having  been  derived  from  the  2.9-kb  element  by  internal  deletions.  DNA  sequence  analysis 
of  the  2.9-kb  element  revealed  three  long  open  translational  reading  frames,  which  are  indicated. 


of  the  duplicated  sequences,  leaving  a  sion.  wl+A  had  lost  one  complete  copy- 
single  copy  as  in  the  wild-type  locus  (Fig.  of  the  duplicated  sequence,  but  bore  an 
36C ) .  insertion  of  3.4  kb  from  outside  the  white 
One  phenotypically  wild-type  rever-  locus  (Fig.  36D).  The  partial  revertant 
tant,  wl+A,  and  the  partial  revertant  wip  had  an  insertion  of  14  kb,  but  had 
wip  had  more  complex  structures  and  lost  one  copy  of  the  duplication  plus  an 
were  further  analyzed  by  molecular  additional  1.2  kb  of  wild-type  w hite  lo- 
cloning.  The  altered  phenotypes  were  cus  sequences  (Fig.  36E).  Both  inser- 
accompanied  by  the  introduction  of  for-  tion  elements  hybridized  to  a  large 
eign  DNA  into  the  site  of  the  ivory  le-  number  of  restriction  fragments  on 
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Fig.  35.  Summary  of  the  structures  of  several  mutant  alleles  at  the  white  locus.  The  long  horizontal 
line  depicts  a  restriction-site  map  of  the  wild-type  white  locus.  The  white-ivory  (w')  allele  results  from 
a  3-kb  tandem  duplication  of  white  locus  sequences.  The  white-crimson  (wc)  allele  arose  by  the 
insertion  of  a  10-kb  FB  element  into  the  w'  duplication.  The  white -dominant  zeste -like  allele  (uPZL) 
results  from  a  13-kb  insertion  consisting  of  two  FB  elements  flanking  a  segment  of  nonrepetitive 
DNA.  The  location  of  FB  terminal  repeat  sequences  in  the  wc  and  w°ZL  insertions  is  indicated  by  the 
heavy  arrows.  The  white-apricot  (wa)  allele  was  apparently  caused  by  the  insertion  of  a  copia  element, 
as  was  the  mutation  whdslbn .  The  insertions  causing  mutations  w*6,  w*12,  whd80k17,  whdsib9  are  mem. 
bers  of  the  P-element  sequence  family. 


genomic  Southern  blots,  indicating  that 
they  were  members  of  repeated  DNA 
families. 

Revertants  of  wl  to  w +  are  found  as 
single  individuals  and  not  in  clusters, 
suggesting  that  w '  reversion  is  a  meiotic 
event.  However,  factors  known  to  aug- 
ment meiotic  recombination  do  not  af- 
fect the  rate  of  wl  reversion.  The  fact 
that  reversion  is  only  rarely  accom- 
panied by  exchange  of  flanking  mark- 
ers precludes  unequal  crossing  over  as 
a  mechanism.  An  intrachromosomal 
"looping  out"  therefore  seems  likely. 

The  2.9-kb  duplication  in  wl  pro- 
foundly suppresses  interallelic  recom- 
bination, but  the  wl  +  revertants,  and 
even  the  wip  derivative  with  a  14-kb 


insertion  of  nonhomologous  DNA,  re- 
store the  normal  recombination  fre- 
quency. It  appears  that  interallelic 
recombination  rates  do  not  correlate  in 
any  simple  way  with  DNA  length  or 
extent  of  homology. 


A  Structural  Analysis  of  wc  and 
Its  Derivatives 

M.  Collins  and  G.  M.  Rubin 

We  have  been  interested  in  analyzing 
the  structure  of  the  highly  unstable 
white -crimson  (wc)  allele  of  the  white 
locus.  This  allele  was  derived  as  a  par- 
tial phenotypic  revertant  of  white -ivory 
(wl),  and  confers  a  light  reddish-orange 
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Fig.  36.  Physical  maps  of  the  white  locus  region  from  flies  of  genotype  (A)  w  +  Canton-S  strain; 
(B)  w'\  (C)  w,+B,  w'  +  c,  w'  +  D,  w'+E;  (D)  wi+A;  (E)  u>'p.  The  black  bar  indicates  the  region  duplicated 
in  w'\  the  white  bar  indicates  non-white  locus  DNA.  The  structures  of  w',  w'+A,  and  most  of  w'p  were 
confirmed  by  analysis  of  cloned  DNAs,  some  of  which  are  indicated  below  their  corresponding  map 
position. 


eye  color  as  a  recessive  phenotype.  wc 
mutates  at  a  frequency  of  about  1/1000 
X  chromosomes  to  wild-type,  wl  and 
white-eyed  derivatives,  as  well  as  to 
other,  less-common  derivatives.  Wild- 
type  revertants  are  phenotypically  sta- 
ble, and  w'  derivatives  exhibit  the  same 
level  of  instability  as  the  original  wl 
allele.  The  white-eyed  derivatives  can 
be  either  phenotypically  stable  or  unsta- 
ble. Stable  derivatives  include  cytolog- 
ically  detectable  deletions  with  one  end 
point  at  the  white  locus.  Unstable  white- 
eyed  derivatives  can  mutate  to  wild-type, 
wc  and  wl,  as  well  as  to  other  novel 
phenotypes.  Transpositions  of  uf  to  the 
autosomes  have  also  been  detected.  (For 
a  review  of  the  genetic  properties  of  wc 
see  Green,  in  The  Genetics  and  Biology 
of  Drosophila,  Volume  lb,  929,  1976.) 

An  analysis  of  the  wc  allele  by  whole- 
genome  Southern  blots  has  indicated 
that  the  wc  mutation  resulted  from  the 
insertion  of  10  kb  of  DNA  into  the  wl 
duplication  (see  Fig.  35).  We  suspect  that 
this  insertion  may  contain  a  promoter 
which  could  account  for  the  partial  res- 


toration of  white  locus  function.  We  have 
isolated  sequences  from  the  wc  allele  by 
molecular  cloning,  and  have  found  by 
restriction-enzyme  mapping  of  these 
cloned  sequences  that  the  only  differ- 
ence between  the  wl  and  wc  alleles  is 
this  insertion. 

We  have  also  begun  to  analyze  the 
structure  of  derivatives  of  wc  by  whole- 
genome  Southern  blotting.  In  five  in- 
dependently isolated  w'  revertants  of  wc, 
phenotypic  reversion  is  accompanied  by 
the  apparently  precise  excision  of  the 
wc  insertion.  We  have  also  examined 
six  independently  isolated  phenotypi- 
cally wild-type  derivatives  of  wc,  and  in 
all  six  cases  reversion  is  accompanied 
by  loss  of  the  w c  insertion  and  one  copy 
of  the  wl  duplication.  We  have  recently 
begun  structural  analyses  of  several 
stable  white-eyed  derivatives  of  wc.  Two 
of  these  appear  to  be  simple  deletions 
extending  into  adjacent  white  locus  sec- 
tions with  one  end  point  within  the  wc 
insertion.  Preliminary  analysis  of  a  third 
white-eyed  derivative  suggests  that  it 
results  from  an  element-internal  rear- 
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rangement,  leaving  adjacent  white  lo- 
cus sequences  intact.  This  derivative  is 
particularly  interesting  because  this 
rearrangment  both  decreases  the 
expression  of  the  white  locus  as  judged 
by  phenotype,  and  because  it  is  muta- 
tionally  stable  despite  the  presence  of 
insertion  sequences  within  the  locus. 
Further  analysis  of  this  and  other  de- 
rivatives of  wc  should  help  us  to  deter- 
mine how  the  wc  insertion  partially 
restores  expression  of  the  white  locus, 
and  to  localize  sequences  within  the  wc 
insertion  that  are  required  for  muta- 
tional instability. 


The  Molecular  Nature  of  the  wdzl 
Mutation 

R.  Levis  and  G.  M.  Rubin 

Over  the  past  two  years,  we  have  in- 
vestigated the  DNA  alteration  in  the 
white -dominant  zeste-like  (w°ZL)  mu- 
tation. uPZL  is  an  eye-color  mutation 
isolated  in  a  wild-type  stock  by  P.  M. 
Bingham,  who  has  gone  on  to  charac- 
terize the  mutation  genetically 
(Bingham,  Genetics,  95,  341,  1980).  By 
recombinational  analysis,  the  mutation 
maps  at  or  near  the  proximal  edge  of 
the  white  locus.  The  mutation  confers 
a  yellow  eye  color  on  flies  which  are 
homozygous  for  wDZL  or  heterozygous 
for  uPZL  and  a  wild-type  chromosome. 
However,  it  appears  that  this  partial 
repression  of  the  white  locus  requires 
two  copies  of  white,  either  duplicated  in 
tandem  or  on  homologues  which  are  able 
to  synapse.  Thus,  flies  which  are  hemi- 
zygous  for  wDZL  are  nearly  wild  type  in 
eye  color,  as  are  flies  which  are  heter- 
ozygous for  w°ZL  and  a  multiply  in- 
verted X  chromosome. 

We  have  focused  on  the  wDZL  muta- 
tion because  of  its  unusual  instability; 
0.1  to  1%  of  the  progeny  ofwDZL  parents 
carry  new  white  locus  alleles  (Bingham, 
Cold  Spring  Harbor  Symp.  Quant.  Biol., 
45,   519,    1980).   Among  these  excep- 


tional progeny  is  a  class,  termed  simple 
revertants,  which  have  a  wild-type  eye 
color  and  are  recessive  to  w°ZL  in  het- 
erozygous females.  Other  derivations  of 
wDZL  have  chromosomal  deletions  or  in- 
versions with  one  breakpoint  at  white. 

We  have  compared  the  DNAs  cloned 
from  w°ZL  and  wild-type  flies  and  have 
found  that  the  white  locus  region  DNA 
of  wPZL  contains  a  13-kb  insertion  not 
found  in  this  region  of  the  wild  type 
(Year  Book  80,  p.  179).  The  position  of 
this  insertion  relative  to  other  inser- 
tions in  white  is  shown  in  Fig.  35.  Dur- 
ing the  past  year  we  have  examined  the 
white  region  DNA  of  twelve  indepen- 
dent simple  revertants  ofw021.  The  in- 
sertion is  partially  excised  in  each  of 
these  revertants,  indicating  that  it  is 
responsible  for  the  wDZL  mutation.  The 
insertion  which  remains  in  revertants 
varies  in  size  among  different  rever- 
tants from  1.9  to  6.2  kb,  but  appears 
never  to  include  the  central  6-kb  of  the 
original  insertion.  We  hypothesize  that 
these  imprecise  excisions  occur  by  dele- 
tions between  tandem  arrays  of  homol- 
ogous sequences  present  at  the  two 
termini  of  the  insertion.  Many  of  these 
revertants  remain  genetically  unsta- 
ble, and  the  remnant  insertions  they 
carry  undergo  additional  rearrange- 
ments. This  indicates  that  the  se- 
quences of  the  insertion  that  remain  in 
these  revertants  are  sufficient  to  cause 
the  chromosomal  rearrangements 
characteristic  of  the  complete  insertion. 

The  eye  color  of  revertants  of  wDZL  is 
wild-type,  despite  the  presence  of  a  1.9- 
6.2  kb  insertion  interrupting  the  wild- 
type  DNA  arrangement.  This  suggests 
that  this  insertion  did  not  occur  within 
the  coding  sequences  of  white.  Consis- 
tent with  this  is  the  finding  that  the 
deletion  of  sequences  proximal  to  the 
insertion  does  not  abolish  white  func- 
tion (Levis  et  al.,  Proc.  Nat.  Acad.  Sci. 
USA,  79,  564,  1982).  Therefore  we  be- 
lieve that  this  insertion  is  at  the  prox- 
imal edge  of  or  just  outside  the  white 
gene. 
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The  Organizations  of  the  wc  and 
wdzl  Insertions 

R.  Levis,  M.  Collins,  and  G.  M.  Rubin 

The  wc  and  uPZL  mutations  are  un- 
usually unstable  even  in  comparison 
with  other  insertion  mutations.  We  have 
therefore  undertaken  a  study  of  the  in- 
ternal organization  of  the  cloned  se- 
quences of  the  uf  and  w°ZL  insertions 
and  of  other  sequences  within  the  gen- 
ome which  are  homologous  to  them.  This 
study  has  revealed  a  common  struc- 
tural basis  for  the  instability  of  these 
two  insertions. 

We  have  found  that  while  the  restric- 
tion enzyme  cleavage  maps  of  the  wc 
and  wDZL  insertions  are  quite  different, 
they  cross-hybridize  strongly.  The  re- 
gions of  sequence  homology  were  local- 
ized by  Southern  blot  hybridizations  to 
be  within  the  terminal  portions  of  both 
insertions.  The  terminal  regions  of  both 
insertions  are  also  homologous  to  the 
previously  described  FB  family  of 
transposable  elements.  FB  elements 
have  long,  imperfect,  inverted,  termi- 
nally repeated  sequences  which  are 
themselves  made  up  of  a  tandem  array 
of  simple  sequence  DNA  (Potter  et  al., 
Cell,  20,  639,  1980;  Truett  et  al.,  Cell, 
24,  753,  1981).  Moreover,  the  termini 
of  the  wc  and  uPZL  insertions  are  cleaved 
at  regular  intervals  by  Taq  I,  as  are  the 
prototypic  FB  elements,  suggesting  that 
they  are  also  made  up  of  a  series  of  im- 
perfect tandem  repeats  of  simple  se- 
quence DNA  (Fig.  37). 

While  the  uf  and  uPZL  insertions  both 
contain  FB-homologous  sequences  at 
their  termini,  the  arrangement  of  these 
FB  sequences  differs  significantly  be- 
tween the  two  insertions.  The  wc  inser- 
tion has  a  single  pair  of  FB  inverted 
repeats,  2.2  and  3.4  kb  in  length,  flank- 
ing a  4.0-kb  central  segment.  The  wDZL 
insertion,  on  the  other  hand,  has  two 
pairs  of  FB  inverted  repeats,  one  pair 
at  each  end,  separated  by  6.5  kb  of  DNA. 
These  two  terminal  repeat  arrange- 
ments are  indicated  by  the  arrows  in 
Fig.  35.  This  difference  in  terminal  re- 
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Fig.  37.  Autoradiographs  of  partial  Taq  I  di- 
gests of  end-labeled  fragments  derived  from  the 
left  and  right  ends  of  the  wc  and  uPZL  insertions. 
Lanes  1  and  2  contain  end-labeled  fragments  de- 
rived from  the  left  and  right  ends  of  the  wc  in- 
sertion, respectively.  Lanes  3  and  4  contain  end- 
labeled  fragments  derived  from  the  left  and  right 
ends  of  the  uPZL  insertion,  respectively.  The  po- 
sitions of  Taq  I  "ladders"  in  the  wc  and  uPZL  in- 
sertions are  indicated  by  the  arrows  in  Fig.  35. 


peat  organization  may  account  for  the 
different  modes  of  excision  which  we 
have  observed  for  these  two  insertions. 
We  hypothesize  that  the  imprecise  ex- 
cision of  the  uPZL  insertion  occurs  by 
recombination  between  the  sequences 
of  one  terminal  repeat  and  those  re- 
peated in  direct  orientation  in  the  other 
terminal  repeat.  The  precise  excision  of 
the  wc  insertion  probably  occurs  by  a 
recombination  between  the  sequences 
adjacent  to  the  insertion,  facilitated  by 
the  pairing  of  the  inverted  terminal  re- 
peats. 

The  wc  and  wDZL  insertions  have  a 
composite  structure  unlike  most  trans- 
posable elements;  the  middle  of  each 
insertion  has  a  much  different  repeti- 
tion frequency  than  the  terminal  re- 
peats. Figures  38A  and  B  are  in  situ 
hybridizations  of  the  terminal  and  cen- 
tral portions  of  the  uPZL  insertion  to  the 
chromosomes  of  uPZL.  The  FB  terminal 
repeat  sequences  are  present  at  more 
than  30  sites  dispersed  throughout  the 
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Fig.  38.  Hybridization  of  sequences  from  the  wDZL  insertion  in  situ  to  polytene  salivary  gland 
chromosomes  from  uPZL  larvae.  (A)  The  probe  is  3H-cRNA  transcribed  from  a  fragment  from  the 
right-terminal  repeat  of  the  cloned  w°ZL  insertion  DNA.  (B)  The  probe  is  3H-cRNA  transcribed  from 
the  larger  of  the  two  Hind  III  fragments  in  the  middle  of  the  uPZL  insertion.  The  arrows  point  to  the 
two  sites  of  hybridization.  The  arrow  labeled  w  points  to  the  cytogenetic  location  of  the  white  locus. 


178 


CARNEGIE    INSTITUTION 


genome.  The  differences  in  location  of 
these  chromosomal  sites  in  different 
isolates  of  D.  melanogaster  indicate  that 
they  are  transposable.  In  contrast,  the 
central  6.5  kb  of  the  uPZL  insertion  is 
present  at  only  one  location  besides  white 
in  the  wPZL  genome  and  is  a  unique 
sequence  in  the  genome  of  four  wild- 
type  Drosophila  strains.  It  is  located  at 
the  same  spot,  near  the  tip  of  chromo- 
some arm  2L,  in  all  four  wild-type  strains 
tested;  we  therefore  conclude  that  the 
sequences  of  the  central  region  of  the 
wPZL  insertion  are  not  normally  trans- 
posable but  were  mobilized  by  the  ac- 
tion of  flanking  FB  elements  to  transpose 
to  the  white  locus,  creating  the  wPZL 
mutation.  The  central  sequences  of  the 
wc  insertion  are  present  at  only  about 
five  sites  in  the  wc  genome,  which  differ 
in  location  among  individuals. 

A  number  of  relatively  stable  muta- 
tions of  white  and  other  loci  are  now 
known  to  be  caused  by  the  insertion  of 
repetitive  DNA  elements.  Our  discov- 
ery that  the  unstable  wc  and  w°ZL  mu- 
tations both  result  from  insertions 
containing  FB  elements  associates  this 
element  family  with  unusual  genetic 
instability.  The  copia-like  families  of 
elements  have  a  fundamentally  differ- 
ent organization,  resembling  verte- 
brate retrovirus  proviruses,  and  seem 
in  general  not  to  excise  or  cause  chro- 
mosomal rearrangements  as  often  as  FB 
elements. 


The  Role  of  P  Elements  in  Hybrid 
Dysgenesis 

G.  M.  Rubin,  in  collaboration  with  P.  M. 
Bingham  and  M.  G.  Kidwell 

Evidence  for  genetic  control  of  the 
transposition  rate  of  a  family  of  Dro- 
sophila transposable  elements  comes 
from  studies  of  hybrid  dysgenesis,  a 
"syndrome  of  correlated  genetic  traits 
that  is  spontaneously  induced  by  hy- 
brids between  certain  mutually  inter- 
acting strains,  usually  in  one  direction 
only"  (Kidwell  et  al.,  Genetics,  86,  813, 


1977).  These  traits  can  include  steril- 
ity, male  recombination,  mutation,  and 
chromosomal  aberration.  Drosophila 
melanogaster  exhibits  at  least  two  in- 
dependent systems  of  interacting  strains: 
I-R  and  P-M.  Evidence  reviewed  by  En- 
gels  (Cold  Spring  Harbor  Symp.  Quant. 
Biol.,  45,  561,  1980)  indicates  that  the 
genomes  of  certain  strains,  called  P 
strains,  contain  multiple  copies  of  an 
apparently  mobile  element  known  as 
the  P  factor.  A  cross  between  a  male 
from  such  a  P  strain  and  a  female  from 
a  strain  lacking  P  factors,  called  an  M 
strain,  results  in  hybrid  dysgenesis.  The 
P  factors  do  not  produce  dysgenesis 
within  the  P  strains,  but  do  so  only  when 
placed  in  a  background  of  an  M  strain. 
Many  of  the  mutations  produced  by  hy- 
brid dysgenesis  are  unstable,  are 
thought  to  be  insertion  mutations,  and 
may  be  due  to  insertion  of  the  P  factor 
itself. 

These  and  other  observations  re- 
viewed by  Engels  (op.  cit.)  led  to  the 
proposal  that  the  P  factor  is  a  trans- 
posable element  whose  rate  of  trans- 
position is  under  strict  genetic  control. 
During  the  past  two  years  we  have  ob- 
tained biochemical  evidence  strongly 
supporting  this  hypothesis  (Rubin  et  al., 
Cell,  29,  987, 1982;  Bingham  et  al.,  Cell, 
29,  995,  1982).  First,  the  molecular  na- 
ture of  mutations  arising  in  dysgenic 
hybrids  between  P  and  M  Drosophila 
melanogaster  strains  has  been  investi- 
gated. Seven  independent  mutations  at 
the  white  locus  were  examined  and  these 
mutations  fell  into  two  classes  based  on 
their  genetic  and  structural  properties. 
The  five  mutations  comprising  the  first 
class  were  caused  by  DNA  insertions  of 
0.5,  0.5,  0.6,  1.2,  and  1.4  kb,  respec- 
tively. The  DNA  insertions  in  four  of 
these  mutations  were  examined  in  de- 
tail. Although  heterogeneous  in  size  and 
pattern  of  restriction  enzyme  sites,  they 
were  homologous  in  sequence.  We  refer 
to  members  of  this  sequence  family  as 
P  elements.  Mutations  caused  by  P  ele- 
ments appeared  to  be  stable  when 
maintained  in  P  strains  but  had  rever- 
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sion  rates  greater  than  10  "3  when  the 
P  strains  carrying  these  mutations  were 
mated  to  M  strains.  Phenotypic  rever- 
sion to  wild  type  was  accompanied  by 
excision  of  the  P  element.  The  two  mu- 
tations comprising  the  second  class  were 
caused  not  by  insertion  of  P  elements 
but  rather  by  insertion  of  the  5.0-kb 
copia  element.  These  mutations  ap- 
peared to  be  stable  under  all  conditions. 
Second,  we  have  shown  that  P  elements 
are  present  in  30-50  copies  per  haploid 
genome  in  all  P  strains  examined  and 
are  apparently  missing  entirely  from 
all  M  strains  examined  with  one  excep- 
tion. Third,  members  of  the  P  family 
transpose  frequently  in  P-M  dysgenic 
hybrids;  chromosomes  descendent  from 
P-M  dysgenic  hybrids  frequently  show 
newly  acquired  P  elements.  Finally,  the 
strain-specific  breakpoint  hotspots  for 
the  rearrangement  on  the  X  chromo- 
somes of  the  P  strain,  tt2>  are  appar- 
ently sites  of  residence  of  P  elements. 


Structure  of  P  Elements 

K.  O'Hare  and  G.  M.  Rubin 

Studies  of  the  four  P  elements  in- 
serted into  the  white  locus  described 
above  led  to  the  proposal  that  the  het- 
erogeneous small  P  elements  have  ari- 
sen by  internal  deletion  of  an  intact  P 
element  present  in  P  strains  which  pro- 
vides function(s)  in  trans  for  transpo- 
sition of  the  smaller  P  elements.  This 
hypothesis  predicts  that  P  strains  har- 
bor a  larger,  conserved  P  element  and, 
by  analogy  with  prokaryotic  transpos- 
able  element  systems,  that  whatever 
signals  are  required  in  cis  for  trans- 
position are  conserved  in  the  smaller 
heterogeneous  P  elements. 

A  library  of  X  phages  carrying  DNA 
fragments  from  a  P  strain  (tt2)  was  con- 
structed, and  twelve  phages  containing 
fragments  homologous  in  sequence  to 
the  P  elements  in  the  white  locus  were 
characterized.  Four  of  the  phages  car- 
ried large,  2.9-kb  P  elements  whose  re- 
striction maps  were  identical  (Fig.  39). 


We  have  determined  the  complete  DNA 
sequence  of  one  of  these  elements,  which 
is  2,907  nucleotides  long  and  has  31  base 
perfect  inverted  repeats  at  its  ends.  In 
the  flanking  sequences,  a  direct  repeat 
of  8  bp  is  found  at  both  ends  of  the  ele- 
ment. When  the  same  region  from  a 
strain  lacking  P  elements  was  se- 
quenced, we  found  only  one  copy  of  this 
8-bp  repeat,  implying  that  insertion  of 
the  P  element  led  to  the  duplication. 
Sequence  studies  on  a  second  large  ele- 
ment revealed  a  very  high  degree  of 
conservation,  as  no  base  changes  were 
detected  in  the  2,600  bases  determined 
(shown  underlined  in  Fig.  39),  while  the 
8-bp  duplication  and  flanking  se- 
quences were  quite  different.  There  are 
three  long  open  reading  frames  (714, 
792,  and  654  bases)  in  the  sequence  of 
the  large  element  (see  Fig.  39),  which 
could  encode  several  proteins,  for  ex- 
ample a  P-element-specific  transpo- 
sase  and  other  proteins  responsible  for 
the  regulation  of  transposase  synthesis. 
All  three  reading  frames  are  on  the  same 
strand,  so  they  might  be  expressed  ei- 
ther by  transcription  from  separate  pro- 
moters or  from  one  promoter  with 
different  splicing  patterns.  The  latter 
mode  seems  likely  for  the  second  read- 
ing frame,  as  the  first  ATG  codon  is  378 
bases  from  its  5'  end,  while  there  is  a 
sequence  similar  to  acceptor  splice  sites 
at  its  5'  end. 

The  DNA  sequences  of  the  P  ele- 
ments inserted  into  the  white  locus  de- 
scribed above  and  their  flanking 
sequences  have  been  determined.  Three 
of  them  (#6,  #9,  and  #17)  are  inserted 
at  exactly  the  same  nucleotide;  the 
fourth  (#12)  defines  a  second  insertion 
site  (see  Fig.  35).  Both  of  these  sites  are 
within  open  reading  frames,  suggesting 
that  the  white  phenotype  of  these  mu- 
tations is  due  to  disruption  of  a  protein- 
coding  sequence.  As  for  the  large  ele- 
ments, an  8-bp  sequence  is  found  du- 
plicated at  both  ends  of  these  elements. 
The  sequence  of  the  parental  chromo- 
some into  which  elements  #6  and  #12 
inserted  shows  that  these  sequences  are 
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Fig.  39.  P-element  structures.  A  restriction  map  of  the  large  P  element  in  plasmid  ptt25.1,  which 
has  been  sequenced,  is  shown  with  the  three  large  open  reading  frames  indicated.  The  regions  of  the 
large  P  element  in  plasmid  ptt12.20  which  have  been  sequenced  are  underlined.  The  regions  deleted 
in  the  four  P  elements  from  the  white  locus  by  comparison  with  the  large  P  element  are  shown  as 
open  boxes. 


present  only  once  at  the  site  of  inser- 
tion. Furthermore,  the  sequence  of  a 
wild-type  revertant  of  #6  shows  that 
both  the  element  and  one  copy  of  the  8- 
bp  duplication  have  been  eliminated. 
These  results  demonstrate  (1)  that  there 
appears  to  be  considerable  sequence 
specificity  for  the  site  of  insertion  al- 
though insertion  at  other  sites  in  this 
region  may  not  have  produced  a  white 
phenotype,  and  (2)  that  the  element  can 
excise  precisely,  although  imprecise  ex- 
cisions would  probably  not  have  been 
detected.  The  three  P  elements  that  are 
inserted  at  the  same  site  do  not  all  have 
the  same  orientation  with  respect  to  the 
white  sequences.  This  observation  im- 
plies that  during  insertion  the  target 
site  is  brought  into  conjunction  with  the 
ends  of  the  element  and  not  with  the 
internal  sequences. 

The  sequences  of  each  of  these  four  P 
elements  can  be  derived  from  that  of 
the  2.9-kb  element  by  a  deletion,  but 
the  size  and  location  of  this  putative 
deletion  differs  in  each  case.  Elements 
#12  and  #17  show  no  sequence  changes 
other  than  the  deletion,  while  element 
#9  has  a  single  T,  inserted  7  bases  after 
the  end  of  the  putative  deletion,  and 
element  #6  has  a  single  A-to-T  substi- 
tution at  position  33.  The  deletion  end- 
points  cannot  be  uniquely  defined  for 


elements  #6,  #12,  and  #17,  as  1,  2,  and 
3  bases,  respectively,  are  found  in  the 
sequence  of  the  large  element  at  either 
end  of  the  putative  deletions.  These  re- 
peats seem  too  small  for  homologous  re- 
combination to  be  responsible  for  the 
generation  of  the  structures  observed, 
although  it  cannot  be  known  if  they  are 
generated  in  a  one-step  or  multistep 
process.  An  attractive  alternative 
mechanism  is  "slippage  repair,"  which 
has  been  proposed  for  the  generation  of 
defective  prokaryotic  transposable  ele- 
ments. The  structure  of  element  #9  in 
particular  suggests  that  this  type  of 
mechanism  may  be  involved. 

Each  deletion  endpoint  is  unique  in 
the  sense  that  none  are  shared  between 
different  elements  (Fig.  39).  As  each  of 
these  elements  can  excise  in  the  pres- 
ence of  the  large  P  elements,  none  of 
them  can  have  lost  the  sequences  nec- 
essary for  this  process.  This  implies  that 
only  the  first  138  and  the  last  216  bases 
(at  most)  are  required. 


The  Transcription  Products  of  P 
Elements 

R.  E.  Karess  and  G.  M.  Rubin 

We  are  examining  the  transcripts  of 
P  elements  in  embryos  of  dysgenic  and 
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nondysgenic  crosses  by  Northern  blot- 
ting and  nuclease  SI  protection  proce- 
dures. Using  specific  single-stranded 
probes  from  the  putative  coding  ( + ) 
strand  (i.e.,  the  strand  encoding  three 
large  open  reading  frames),  we  detect 
two  major  poly(A)-containing  tran- 
scripts of  0.9  and  2.7  kb  in  both  P  x  P 
and  P  x  M  embryos.  There  is  some  ev- 
idence that  both  message  species  have 
been  spliced  at  least  once.  Both  RNAs 
initiate  within  200  bases  from  the  left- 
most Hind  III  site,  and  are  largely  coex- 
tensive. These  RNAs  represent  between 
10  "6  and  10  ~  7  of  the  poly(A)-containing 
RNA  population.  Although  no  quali- 
tative differences  in  the  RNA  profile 
have  been  detected,  there  appears  to  be 


severalfold  more  of  the  0.9-kb  species 
relative  to  the  2.7-kb  in  the  nondys- 
genic (P  x  P)  than  in  dysgenic  (P  x  M) 
embryos.  Single-strand  probes  from  the 
putative  noncoding  strand  have  de- 
tected many  RNA  species  of  diverse  sizes 
ranging  from  0.4  to  5  kb.  Most  of  these 
are  of  extremely  low  abundance  and  ap- 
pear to  originate  in  the  flanking,  non- 
P  element  sequences. 

We  have  begun  to  introduce  lesions 
into  the  sequence  by  in  vitro  mutage- 
nesis, which  may  help  elucidate  the 
various  functions  associated  with 
transposition  and  its  control.  In  addi- 
tion, efforts  will  begin  to  construct  cDNA 
clones  of  the  major  messages  to  aid  in 
identifying  their  protein  products. 


A  SYSTEM  FOR  GENETIC  TRANSFORMATION  OF 
DROSOPHILA  USING  TRANSPOSABLE  ELEMENT 

VECTORS 

A.  C.  Spradling  and  G.  M.  Rubin 


The  ability  to  transfer  exogenous  ge- 
netic information  into  living  cells  has 
proved  to  be  a  valuable  tool  in  the  study 
of  the  structure,  function,  and  regula- 
tion of  genes  in  unicellular  organisms 
such  as  bacteria  and  yeast.  The  devel- 
opment of  efficient  and  reproducible 
procedures  for  DNA-mediated  gene 
transfer  in  metazoans,  however,  has 
lagged  far  behind,  owing  in  large  part 
to  the  lack  of  appropriate  vectors. 

Potentially  suitable  vectors  for  gene 
transfer  occur  in  nature  in  the  form  of 
viruses  and  transposable  elements. 
Transposable  elements  are  DNA  seg- 
ments which,  as  discrete  units,  are  ca- 
pable of  changing  their  positions  within 
the  genome  of  a  cell.  In  bacteria,  these 
elements  have  been  shown  also  to 
transpose  from  extrachromosomal  DNA, 
such  as  plasmids,  into  chromosomal 
sites.  No  eukaryotic  transposon  with  this 
property  has  yet  been  described.  If  such 
a  eukaryotic  transposable  element  could 
be  identified,  it  might  then  serve  as  an 


efficient  transformation  vector.  Cloned 
DNA  containing  the  element  could  be 
introduced  into  cells  by  a  variety  of 
means.  Transpositions  from  the  exog- 
enous DNA  into  the  host  chromosomes 
might  then  take  place  at  high  fre- 
quency. 

Several  distinct  classes  of  transpos- 
able elements  have  been  identified  in 
the  genome  of  the  fruit  fly  Drosophila 
melanogaster.  The  properties  of  one 
class,  the  P  elements,  recommend  it  as 
a  possible  gene  transfer  vector;  these 
elements  can  transpose  at  very  high 
rates  when  certain  easily  controlled  ge- 
netic criteria  are  met.  Studies  of  P-ele- 
ment  structure  and  behavior  in  crosses 
between  Drosophila  strains  containing 
and  lacking  P  elements  (called  P  strains 
and  M  strains,  respectively)  are  re- 
ported elsewhere  in  this  Report  (Rubin 
et  al.,  p.  178).  These  experiments 
strongly  suggest  that  3-kb  P  elements 
code  for  a  product  (which  we  will  call 
transposase,  although  the  detailed  bio- 
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chemical  mechanism  of  this  trans-act- 
ing factor  is  unknown)  required  for  P- 
element  transposition.  When  a  sperm 
from  a  P  strain  introduces  P  elements 
into  an  egg  from  an  M  strain,  the  P 
elements  transpose  at  high  rates  in  the 
germline  cells  of  the  resulting  embryo, 
giving  rise  to  a  syndrome  of  genetic  traits 
known  as  P-M  hybrid  dysgenesis.  This 
year  we  have  developed  a  system  for 
using  the  P  elements  as  vectors  for  ef- 
ficient DNA-mediated  gene  transfer  in 
Drosophila. 

P  Elements  Can  Transpose  from 

Plasmid  DNA  into  the 
Chromosomes  of  Germline  Cells 

Our  approach  is  based  on  mimicking 
the  events  that  take  place  during  a  dys- 
genic  cross  between  P  and  M  strains. 
In  such  a  cross,  P  factors  enter  the  M- 
cy  to  type  egg  with  the  sperm.  These  P 
factors  and  other  P  elements  are  thereby 
induced  to  transpose  at  high  frequency. 
We  reasoned  that  an  analogous  situa- 
tion might  occur  if  DNA  containing  the 
3-kb  P  element  were  introduced  by  mi- 
croinjection into  an  M-cytotype  embryo 
shortly  after  fertilization.  Early  in  Dro- 
sophila embryonic  development,  the 
nuclei  of  the  embryo  go  through  several 
rounds  of  synchronous  division  before 
they  are  compartmentalized  into  cells. 
At  completion  of  the  ninth  nuclear  di- 
vision, about  a  dozen  nuclei  migrate  to 
the  posterior  pole  of  the  egg  where  they 


form  the  germline  precursor  cells,  or 
pole  cells.  To  maximize  the  chance  that 
the  injected  plasmid  DNA  enters  the 
germline  precursor  cells,  we  microin- 
jected  DNA  into  the  posterior  end  of  the 
egg  just  prior  to  pole-cell  formation  (Fig. 
40). 

Due  to  the  multiplicity  of  germline 
precursor  cells,  P-element  DNA  trans- 
ferred into  the  genome  of  a  single  pole 
cell  will  be  inherited  by  only  a  fraction 
of  the  progeny  of  that  embryo.  There- 
fore, all  the  progeny  of  the  injected  em- 
bryo would  have  to  be  tested  individually 
for  the  presence  of  the  injected  DNA 
sequences.  Since  this  entails  screening 
large  numbers  of  flies,  an  assay  based 
on  a  change  in  a  visible  phenotype, 
rather  than  a  biochemical  assay  for  the 
physical  presence  of  the  DNA  sequence, 
was  devised. 

The  assay  we  used  was  based  on  an 
unusual  allele  of  the  singed  (sn)  locus, 
a  genetic  locus  that  controls  the  mor- 
phology of  bristles  and  hairs  on  the  cu- 
ticle of  the  adult  fly.  This  allele,  singed 
weak  (snw),  can  be  used  as  an  assay  for 
the  introduction  of  3-kb  P  elements  into 
a  strain,  since  under  these  conditions 
the  snw  allele  undergoes  very  high  rates 
of  mutation  in  germline  cells.  This  be- 
havior of  snw  is  believed  to  result  from 
the  action  of  the  P  element  transposase, 
produced  by  the  incoming  3-kb  P  ele- 
ments, on  defective  P  elements  present 
at  the  sn  locus  (see  Rubin  et  al.,  this 
Report,  p.  178  for  further  information). 


Fig.  40.  Injection  of  DNA  into  a  Drosophila  embryo.  The  length  of  the  embryo  is  approximately 
0.5  mm.  The  tip  of  the  needle  is  located  in  the  posterior  pole  of  the  embryo,  the  site  of  germ-cell 
formation. 
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Consequently,  after  injection  of  cloned 
DNA  containing  a  3-kb  P  element  into 
snw  embryos,  we  examined  the  progeny 
of  the  injected  embryos  for  evidence  of 
snw  mutability.  Embryos  showing  snw 
mutability  might  also  have  undergone 
transpositions  of  the  injected  P  element 
into  the  chromosomes  of  a  germline  cell. 
When  injection  was  carried  out  at  a  DNA 
concentration  of  100  fxg/ml,  nearly  50% 
of  the  injected  embryos  yielded  progeny 
which  had  undergone  snw  mutations. 
Direct  analysis  of  DNA  prepared  from 
the  descendants  of  individual  progeny 
males  (called  "Gl  lines")  demonstrated 
that  the  sequences  of  the  entire  3-kb  P 
element  were  present  in  many  of  them. 
Only  P-element  sequences,  but  none  of 
the  other  DNA  sequences  on  the  in- 
jected DNA,  were  transferred  into  the 
Gl  lines.  These  studies  strongly  sug- 
gested that  cloned  P  elements  could 


transpose  from  exogeneous  DNA  into 
Drosophila  germline  chromosomes. 

To  determine  the  chromosomal  sites 
at  which  P-element  integration  had  oc- 
curred, polytene  chromosomes  from  Gl 
lines  were  analyzed  by  in  situ  hybrid- 
ization using  a  probe  containing  P-ele- 
ment sequences.  Figure  41  summarizes 
studies  on  chromosomes  from  progeny 
of  23  of  the  31  embryos  showing  snw 
mutation.  Strains  containing  from  one 
to  five  sites  of  in  situ  hybridization  not 
present  in  the  snw  host  were  observed. 
The  sites  were  widely  distributed  on  all 
the  chromosome  arms.  P  factors  are 
known  to  be  capable  of  inserting  at  a 
wide  variety  of  sites.  The  number  of 
grains  at  the  new  sites  was  consistent 
with  the  insertion  of  one  complete  ele- 
ment per  site,  except  in  a  few  cases  where 
the  hybridization  at  a  chromosomal  site 
was  less  than  expected. 
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Fig.  41.  Sites  of  P-element  integration.  Polytene  chromosomes  from  snw  mutable  lines  were  hy- 
bridized in  situ  with  P-element  cRNA  sequences.  Examples  of  the  sites  of  hybridization  observed  are 
shown  in  panels  A-F.  The  chromosomal  distribution  of  all  38  sites  observed  is  represented  in  panel 
G.  Each  of  the  five  major  chromosomal  arms  is  indicated,  and  the  positions  of  centromeres  are  shown 
by  heavy  circles. 
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Transfer  of  the  Gene  Encoding 
Xanthine  Dehydrogenase 

Since  cloned  3-kb  P  elements  can 
transpose  from  plasmids  and  stably  in- 
tegrate into  chromosomal  DNA,  a  DNA 
segment  containing  a  gene  of  interest 
might  be  introduced  into  the  Droso- 
phila  germline  using  the  3-kb  P  ele- 
ment as  a  vehicle.  This  approach  would 
require  the  identification  of  a  suitable 
insertion  site  within  the  element  so  as 
not  to  disrupt  sequences  required  for 
transposition.  Alternatively,  DNAs 
could  be  ligated  into  an  internally  de- 
leted P  element  to  produce  a  defective 
transposon.  If  transposase  were  sup- 
plied from  an  intact  3-kb  P  element  co- 
injected  with  the  defective  transposon, 
integration  of  the  element  and  its  as- 
sociated foreign  DNA  might  occur.  One 
advantage  of  using  a  transposition-de- 
fective vector  would  be  that  in  the  ab- 
sence of  a  complementing  complete 
element,  the  integrated  transposon 
should  be  completely  stable.  For  this 
reason  we  chose  the  latter  approach. 

The  marker  we  used  to  test  the  gene 
transfer  scheme  outlined  above  was  the 


rosy  (ry+)  gene,  the  structural  locus  for 
the  enzyme  xanthine  dehydrogenase 
(XDH).  We  chose  this  gene  for  several 
reasons.  First,  a  cloned  DNA  segment 
thought  to  contain  the  entire  ry  +  gene 
was  available  from  W.  Bender  and  A. 
Chovnick.  Second,  both  visible  and  se- 
lectable phenotypes  are  conferred  by  this 
gene;  individuals  homozygous  for  ap- 
propriate mutant  rosy  alleles  have  an 
easily  recognized  abnormal  eye  color  and 
are  unable  to  grow  on  a  medium  con- 
taining high  levels  of  purines.  Third, 
normal  eye  color  can  be  restored  by  the 
production  of  as  little  as  5%  of  the  wild- 
type  level  of  XDH  activity.  Finally,  rosy 
gene  function  is  not  cell  autonomous; 
restoration  of  a  normal  eye  color  does 
not  require  proper  function  of  the  gene 
in  the  cells  of  the  eye.  Thus  the  eye  color 
phenotype  conferred  by  the  rosy  gene 
provides  an  easily  scored  and  sensitive 
marker  that  maximizes  our  chances  of 
detecting  gene  transfer  events. 

The  construction  of  the  rosy  transpo- 
son, ryl,  is  diagrammed  in  Fig.  42.  An 
8.1-kb  Sal  I  restriction  fragment  thought 
to  contain  the  ry+  gene  was  inserted 
into  the  Xho  I  site  within  the  1.2-kb  P 


P 


8.1Kb  ONA   fragment   containing    rosy*    gene 


3 


1      B 


0  ~ 


Fig.  42.  Construction  of  pry  1:  An  8.1-kb  Sal  I  DNA  fragment  containing  the  rosy+  gene  was  inserted 
into  the  single  Xho  I  site  in  the  plasmid  p6.1  (Rubin  et  al.,  this  Report).  (The  junctions  between  these 
two  DNAs,  labeled  X/S,  are  not  cleaved  by  either  Sal  I  or  Xho  I.)  This  construction  placed  the  rosy 
gene  in  the  middle  of  the  1.2-kb  P  element,  which  is  indicated  by  the  solid  shading,  to  create  the 
rosy  transposon  ryl.  The  pBR322  vector  sequences  in  p6.1  are  indicated  by  the  open  bar.  The  re- 
mainder of  the  DNA  sequences  in  p6.1  are  nonrepetitive  sequences  derived  from  the  white  locus  of 
D.  melanogaster. 
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element  cloned  on  the  plasmid  p6.1.  The 
two  resulting  plasmid  constructs,  pryl 
and  pry3,  differ  only  in  the  orientation 
of  the  8.1-kb  Sal  I  fragment  relative  to 
the  P-element  sequences;  both  contain 
the  putative  ry+  gene  flanked  by  the 
termini  of  the  P  element. 

pryl  and  pry 3  DNA  was  injected  into 
rosy  mutant  Drosophila  embryos,  along 
with  p-n-25.1,  a  DNA  containing  a  3-kb 
P  element  to  supply  transposase.  Table 
3  summarizes  the  results  of  these  ex- 
periments. As  many  as  50%  of  the  fer- 
tile adults  developing  from  injected 
embryos  gave  rise  to  progeny  with  wild- 
type  eye  color.  The  eye  color  of  these 
flies  was  completely  stable  in  future 
generations.  Thus  the  visible  genetic 
defect  in  the  host  strain  was  fully  and 
permanently  corrected  by  the  trans- 
ferred gene  derived  from  pryl  and  pry 3. 
Studies  of  the  DNA  of  these  ry+  flies 
demonstrated  that,  as  in  the  case  of  P 
elements  alone,  only  the  transposon  se- 
quences (ryl)  but  not  other  injected  DNA 
sequences  are  transferred. 

To  determine  the  chromosomal  sites 
at  which  ryl  integration  had  occurred, 
chromosomes  were  prepared  from  strains 
derived  from  ry+  progeny  and  hybrid- 
ized to  DNA  sequences  from  the  rosy 
gene.  Figure  43A  shows  that  chromo- 
somes from  the  ry  host  strain  were  la- 
beled only  at  87D,  the  site  of  the  rosy 


gene.  Chromosomes  from  nine  indepen- 
dent lines  derived  by  transformation  of 
ry  embryos  were  studied.  In  total,  twelve 
sites  of  ryl  integration  were  observed. 
Examples  of  the  in  situ  hybridization 
results  and  a  summary  of  the  locations 
of  the  twelve  insertion  sites  are  shown 
in  Fig.  43. 

As  in  the  case  of  intact  P  elements, 
the  ryl  transposon  integrates  at  a  va- 
riety of  sites.  However,  the  rosy  trans- 
poson does  not  appear  to  integrate  at 
random.  Six  of  the  twelve  mapped  sites 
of  insertion  were  located  in  regions  84— 
87,  a  chromosomal  interval  surround- 
ing the  normal  ry  +  gene  that  comprises 
less  than  5%  of  the  genome.  Local  site 
preferences  in  the  movement  of  trans- 
posable  elements  have  been  reported, 
previously.  Our  studies  of  the  insertion 
sites  of  the  3-kb  P  element  (Fig.  41), 
however,  argue  strongly  against  the 
distribution  of  ryl  insertion  sites  re- 
sulting from  site  preferences  inherent 
to  the  transposition  mechanism  of  P 
elements.  One  possible  explanation  for 
this  nonrandom  distribution  is  that  the 
homology  between  the  ryl  transposon 
and  the  chromosomal  rosy  gene  se- 
quences somehow  influences  the  trans- 
poson to  insert  nearby.  An  alternative 
explanation  might  be  that  the  rosy  gene 
in  ryl  can  only  be  expressed  at  a  limited 
number  of  chromosomal  sites.  Because 


TABLE  3.  Summary  of  Rosy  Gene  Transfer  Experiments 


Experiment 

DNAs 

Number 

Number  of 

Number  Giving 

Number 

Injected* 

Injected 

Fertile  Adults 

ry +  Progeny t 

1 

pryl  +  pry 3 

PTT25.1 

114 

5 

1  (20%) 

2 

pryl  +  pry 3 

PTT25.1 

215 

21 

11  (52%) 

3 

pryl  +  pry3 

PTT25.1 

121 

18 

5  (28%) 

4 

pryl 

PTT25.1 

87 

4 

2  (50%) 

*DNAs  were  injected  in  5  mM  KC1,  0.1  mM  sodium  phosphate,  pH  6.8,  at  the  following  concentra- 
tions. Experiment  1:  pryl  and  pry3  each  at  500  fxg/ml,  p-n-25.1  at  50  (xg/ml.  Experiment  2:  pryl  and 
pry3  each  at  150  p-g/ml,  p-n-25.1  at  50  ^g/ml.  Experiment  3:  same  as  Experiment  2.  Experiment  4: 
pryl  at  300  |j.g/ml,  p-n-25.1  at  50  (xg/ml. 

+The  percentages  indicate  the  fraction  of  fertile  adults  that  gave  ry+  individuals  among  their 
progeny. 
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of  the  high  frequency  with  which  ry + 
transformants  were  obtained,  however, 
it  seems  unlikely  that  these  strains 
simply  represent  a  selected  subset  of 
integrations  with  specificity  similar  to 
that  of  the  intact  P  element.  This  latter 
possibility  can  be  tested  by  genetically 
separating  the  ryl  inserts  in  lines  con- 
taining more  than  one  integrated  trans- 
poson  and  determining  if  both  are  func- 
tional. 

Concluding  Remarks 

The  method  of  gene  transfer  de- 
scribed here  has  significant  advantages 
over  previous  approaches  for  trans- 
forming the  cells  of  multicellular  or- 
ganisms. Because  the  process  of 
chromosomal  insertion  appears  to  be 
catalyzed  by  an  enzyme  (transposase) 
which  recognizes  a  specific  nucleotide 
sequence  (the  P  element  terminal  re- 
peat), transformation  occurs  with  high 
frequency  and  does  not  result  in  de- 
tectable sequence  rearrangement.  In  our 
rosy  gene  transfer  experiments,  ap- 
proximately 8%  of  the  injected  embryos 
developed  into  fertile  adults  and,  on  av- 
erage, 37%  of  these  gave  progeny  con- 
taining the  ryl  transposon.  This  DNA 
segment  was  transferred  without  ap- 
parent sequence  rearrangement  and  was 
inserted  into  the  recipient  genomes  in 
a  nontandem  and  nonpermuted  man- 
ner. Moreover,  since  the  DNA  segment 
that  is  transposed  from  the  injected 
plasmid  into  the  recipient  genome  is  de- 
lineated by  the  terminal  repeats  of  the 
P  element,  the  exact  sequences  that  will 
be  transferred  can  be  predetermined.  In 
contrast,  when  using  other  gene  trans- 
fer methods,  sequences  frequently  be- 
come reiterated  and  rearranged. 
Furthermore,  the  transposition  reac- 
tion apparently  requires  the  production 
of  an  enzyme,  the  P  element  transpo- 
sase, not  normally  found  in  the  recipi- 
ent. Thus  both  the  initial  transfer  and 
the  subsequent  stability  of  the  inserted 
transposon  can  be  controlled  by  manip- 
ulating the  supply  of  transposase.  In 


the  future,  it  might  be  possible  to  ob- 
tain an  even  greater  degree  of  control 
over  the  process  of  gene  transfer.  For 
example,  if  the  transcriptional  specific- 
ity of  the  transposase  gene  were  altered 
by  substituting  developmentally  spe- 
cific promoter  sequences,  it  might  be 
possible  to  direct  the  integration  of  DNA 
into  the  chromosomes  of  only  a  partic- 
ular cell  type  after  delivery  by  any  of  a 
variety  of  methods.  Finally,  there  is  no 
apparent  size  limit  to  the  DNA  segment 
that  can  be  transferred.  The  9-kb  trans- 
poson we  constructed  transposes  at  high 
rates  even  though  it  is  several  times  the 
length  of  the  3-kb  P  element.  We  sus- 
pect that  the  practical  size  limit  of  the 
method  will  be  about  40  kb  and  will  be 
imposed  by  the  difficulty,  using  cur- 
rently available  methods,  of  construct- 
ing and  propagating  in  E.  coli  circular 
DNA  molecules  of  greater  size. 

We  are  in  the  process  of  developing 
two  improvements  which  should  in- 
crease the  utility  of  the  gene  transfer 
system.  First,  we  are  constructing  a 
plasmid  containing  a  modified  P-ele- 
ment  vector  having  a  wide  variety  of 
internal  restriction  enzyme  sites  suit- 
able for  cloning  as  well  as  carrying  an 
appropriate  marker  to  facilitate  the 
transfer  of  DNA  segments  which  do  not 
themselves  confer  an  easily  scored 
phenotype.  Second,  we  are  modifying 
the  3-kb  P  element  used  to  provide  com- 
plementary transposase  activity  by  re- 
moving its  terminal  repeats  in  order  to 
produce  a  P  element  that  can  provide 
transposase  activity  but  which  cannot 
itself  transpose. 

In  most  instances,  genes  transferred 
by  the  methods  outlined  here  will  find 
themselves  at  abnormal  chromosomal 
positions.  Their  activity  might  be  influ- 
enced by  the  particular  chromosomal 
regions  in  which  they  are  embedded. 
The  methods  described  here  allow  di- 
rect study  of  the  frequency  and  mech- 
anism of  such  position  effects.  The 
observation  that  ryl  could  produce  suf- 
ficient XDH  to  cause  wild-type  eye  pig- 
mentation when  inserted  at  a  large 
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number  of  different  chromosomal  po- 
sitions demonstrates  that  large  amounts 
of  normal  flanking  DNA  are  not  a  pre- 
requisite for  rosy  gene  function.  How- 
ever, the  rosy  eye  color  phenotype  is  not 
a  highly  demanding  measure  of  normal 
rosy  gene  function.  Only  a  few  percent 
of  wild-type  XDH  activity  is  required 
for  this  rosy+  phenotype.  Moreover,  the 
gene  need  not  function  in  the  eye  itself 
to  produce  wild-type  pigmentation.  Thus 
further  studies  on  these  ry  +  transform- 
ants  will  be  necessary  to  determine  if 
the  newly  incorporated  gene  is  ex- 
pressed normally  and  to  what  extent  it 
is  subject  to  the  appropriate  develop- 
mental controls. 

It  is  known  from  classical  genetic  and 
cytogenetic  studies  that  transposition 
of  chromosome  segments  within  Dro- 
sophila  euchromatin  only  affects  the 
function  of  genes  located  very  close  to 
or  at  the  ends  of  the  rearrangement. 
However,  the  distance  on  a  molecular 
scale  over  which  such  position  effects 
influence  gene  expression  is  not  well 
defined.  If  a  sufficient  amount  of  nor- 
mal flanking  sequences  is  transferred 
along  with  the  gene  of  interest,  it  should 
provide  a  buffer  against  the  influence 
of  sequences  surrounding  the  site  of  in- 
tegration, thus  allowing  the  normal  de- 
velopmental regulation  of  the  gene  to 
be  directly  scrutinized. 

The  advantage  of  the  transformation 
methods  we  have  described  should  be 
shared  by  any  gene  transfer  system  in 
which  a  specific  enzyme  recognizes  a 
specific  target  site  defining  the  DNA 
sequences  to  be  transferred.  What  are 
the  prospects  for  the  development  of 
similar  methods  for  use  in  organisms 
other  than  Drosophila?  One  possibility 
would  be  the  direct  use  of  the  P  ele- 
ment. A  number  of  laboratories  are  cur- 
rently testing  the  ability  of  P  elements 
to  function  in  other  species.  If  intact  P 


elements  cannot  be  mobilized,  modifi- 
cations of  the  specificity  of  P-element 
promoters  might  allow  transposase  pro- 
duction in  a  foreign  environment.  Even 
if  modified  factors  will  not  cross  species 
lines,  analogous  families  of  transposa- 
ble  elements  are  probably  widespread 
in  natural  populations  of  numerous  or- 
ganisms in  addition  to  the  fruit  fly. 

There  are  two  major  areas  in  which 
vectors  derived  from  the  P  element  or 
analogous  transposable  elements  may 
be  useful.  An  immediate  goal  is  the  ap- 
plication of  genetic  transformation 
methods  to  the  problems  of  gene  regu- 
lation in  developing  eukaryotic  organ- 
isms. At  present,  research  in  this  area 
has  been  limited  by  the  lack  of  ways  to 
test  developmental  properties  of  genes 
isolated  by  recombinant  DNA  tech- 
niques and  which  can  be  subjected  to 
the  powerful  new  techniques  of  in  vitro 
mutagenesis.  Transformation  provides 
such  an  assay.  Drosophila  melanogas- 
ter  is  a  widely  used  model  system  for 
developmental  studies.  Classical  ge- 
netic studies  have  revealed  the  exis- 
tence of  numerous  genes  which  appear 
to  play  important  roles  in  the  program- 
ming and  regulation  of  developmental 
pathways  but  whose  products  are  un- 
known. P-element-mediated  transfor- 
mation will  greatly  facilitate  studies  on 
the  structure,  regulation,  and  mecha- 
nism of  action  of  such  genes. 

In  the  long  term,  transposable  ele- 
ment vectors  may  be  of  significant  use 
in  modifying  the  genomes  of  plants  and 
animals  for  beneficial  purposes.  They 
largely  overcome  the  problems  of  low 
efficiency,  rearrangement,  and  insta- 
bility, which  limit  the  usefulness  of  cur- 
rent transformation  techniques.  They 
offer  the  further  prospect  of  bringing 
the  integration  process  itself  under  ex- 
perimental control. 
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THE  AMPLIFICATION  AND  EXPRESSION  OF  DROSOPHILA 

CHORION  GENES 

A.  C.  Spradling,  D.  V.  de  Cicco,  L.  J.  Kalfayan,  J.  Levine,  S.  Parks,  and  B.  T.  Wakimoto 


Drosophila  chorion  genes  undergo 
specific,  developmentally  regulated 
amplification  prior  to  their  expression 
in  ovarian  follicle  cells.  In  the  last  two 
Year  Books  we  have  described  the  or- 
ganization of  large  clusters  of  chorion 
genes  located  on  the  X  and  the  third 
chromosomes.  The  genes  within  each 
cluster  undergo  coordinate  amplifica- 
tion; sequences  on  the  X  chromosome 
increase  about  14-16-fold,  while  those 
on  the  third  chromosome  differentially 
replicate  about  60-fold.  However,  the 
transcriptional  activation  of  genes 
within  each  amplified  cluster  is  not  co- 
ordinate. Genes  separated  by  only  1  kb 
of  DNA  display  distinct  temporal  pat- 
terns of  activity.  We  view  this  behavior 
of  the  Drosophila  chorion  genes  as  a 
favorable  model  system  for  studying  the 
mechanisms  that  regulate  replication 
and  gene  expression  during  develop- 
ment. We  are  investigating  this  system 
using  both  genetic  and  molecular  tech- 
niques. 

As  part  of  the  genetic  approach,  spe- 
cific mutations  have  been  isolated  and 
their  effects  on  chorion  gene  function 
analyzed.  B.  Wakimoto  reports  on  the 
isolation  of  a  series  of  new  7-ray-in- 
duced  mutations  in  the  X  chromosome 
chorion  gene  region.  S.  Parks  and  L. 
Kalfayan  describe  their  studies  of  a  se- 
ries of  putative  chorion  gene  mutations 
isolated  by  conventional  genetic  meth- 
ods in  several  other  laboratories. 

One  of  the  most  valuable  mutations 
we  have  analyzed  is  ocelliless,  an  in- 
version with  a  breakpoint  near  the  mid- 
dle of  the  X-chromosome  gene  cluster. 
Last  year  we  described  our  studies  on 
chorion  gene  amplification  in  the  ocel- 
liless mutant.  Our  results  led  us  to  hy- 
pothesize the  existence  of  an  important 
control  region  for  amplification.  We 
postulated  this  region  to  lie  within  the 


10-kb  region  between  the  distal  In(l) 
ocelliless  breakpoint  and  the  proximal 
end  of  the  region  of  maximal  amplifi- 
cation. A  major  goal  of  our  current  work 
is  to  determine  the  exact  location,  DNA 
sequence,  and  mode  of  action  of  this  am- 
plification origin.  Further  studies  of  the 
ocelliless  mutation  reported  this  year 
by  S.  Parks  suggest  that  additional  con- 
trol regions  important  for  correct  tem- 
poral activation  of  transcription  are 
located  close  to  the  individual  coding 
sequences. 

Obtaining  additional  lesions  that 
specifically  disrupt  these  regulatory  re- 
gions by  conventional  genetic  methods 
would  be  a  slow  process.  On  the  other 
hand,  current  methods  for  manipulat- 
ing nucleic  acids  make  it  relatively  easy 
to  produce  specific  changes  in  cloned 
DNA  sequences.  If  a  method  was  avail- 
able which  allowed  in  vitro  mutagen- 
ized  chorion  genes  to  be  reintroduced 
into  the  Drosophila  germline,  the  ef- 
fects of  specific  sequence  changes  on  gene 
function  during  choriogenesis  could  be 
studied  in  vivo.  In  a  separate  section  of 
this  Report  (p.  181),  in  collaboration  with 
G.  M.  Rubin,  we  describe  the  develop- 
ment of  such  a  gene  transfer  system. 

Because  of  the  power  of  the  in  vitro 
mutagenesis  approach,  it  has  become  a 
major  focus  of  our  genetic  studies.  L. 
Kalfayan  and  B.  Wakimoto  describe  the 
construction  of  modified  chorion  genes, 
techniques  that  should  allow  them  to 
actually  define  the  DNA  sequences  re- 
quired for  correct  tissue-specific  and 
temporal  chorion  gene  expression.  Fi- 
nally, D.  de  Cicco  has  begun  to  use  gene 
transfer  to  identify  and  characterize 
amplification  origin  sequences.  She  re- 
ports preliminary  results  which  pro- 
vide strong  additional  support  for  the 
existence  of  such  origins. 
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Isolation  of  Mutations  in  the  X 
Chromosome  Chorion  Gene  Region 

B.  Wakimoto  and  A.  Spradling 

One  approach  toward  identifying  the 
mechanisms  underlying  chorion  gene 
amplification  and  expression  is  to  ex- 
amine the  effects  of  mutations  that  al- 
ter the  normal  processes  involved.  The 
success  of  this  approach  has  been  dem- 
onstrated by  the  results  obtained  from 
studies  of  the  ocelliless  inversion  ( Sprad- 
ling et  al.,  Year  Book  80;  S.  Parks,  L. 
Kalfayan,  and  A.  Spradling,  this  Re- 
port). Using  conventional  genetic  tech- 
niques we  are  extending  the  genetic 
analysis  of  the  X-linked  chorion  gene 
cluster  by  isolating  and  characterizing 
a  series  of  new  mutations  in  the  poly- 
tene  chromosome  interval  7D10-8A4,5. 
We  are  particularly  interested  in  mu- 
tations resulting  from  chromosome  ab- 
errations. Such  breakpoint-associated 
mutations  provide  a  means  to  examine 
the  effects  of  disrupting  the  chorion  gene 
cluster  and  to  map  regions  critical  for 
normal  function  of  the  7D-8A  genes. 

New  mutations  were  isolated  after 
mutagenesis  with  ionizing  radiation. 
Normal  X  chromosomes  derived  from 
an  iso-X  chromosome  stock  were  mu- 
tagenized  with  gamma  rays  and  tested 
in  heterozygous  combination  with 
Dfll)RA2,  a  chromosome  with  a  dele- 
tion of  section  7D10-8A4,5.  A  total  of 
1411  chromosomes  were  screened  for 
newly  induced  lethal,  visible,  or  fe- 
male-sterile mutations.  Of  the  twelve 
mutations  recovered,  five  were  lethal 
when  heterozygous  with  the  screening 
deficiency,  one  elicited  a  visible  ocelli- 
less  defect,  and  six  resulted  in  female 
sterility.  Allelic  relationships  of  the  new 
mutations  have  been  examined  by  com- 
plementation tests  involving  the  EMS 
and  X-ray-induced  7D-8A  mutations 
previously  characterized  by  M.  E.  Di- 
gan,  D.  Mohler,  and  G.  Lefevre.  The 
results  of  these  tests  are  summarized 
in  the  complementation  map  in  Fig.  44. 

Examination  of  polytene  chromo- 
some preparations  has  shown  that  at 


least  three  of  the  mutations  (ocyal , 
1(1) ya2, 1(1) ya3)  are  associated  with  cy- 
tologically  visible  rearrangements  in- 
volving the  region  of  interest.  One  of 
these,  ocyal,  fails  to  complement  the  head 
defect  of  "ocelliless"  phenotype  of  the 
In(l)oc  chromosome,  yet  fully  comple- 
ments its  female-sterile  defect.  The  ob- 
servation that  ocyal  involves  an  X- 
chromosome  translocation  with  a 
breakpoint  at  8A3  confirms  the  hy- 
pothesis made  earlier  (A.  Spradling, 
Year  Book  79)  that  the  two  phenotype 
defects  of  In(l )oc  are  separable.  The  fe- 
male-sterile defect  can  be  attributed  to 
the  7F1,2  breakpoint  of  In(l)oc,  while 
the  ocelliless  defect  can  be  attributed  to 
the  proximal  8A  inversion  breakpoint. 
All  six  of  the  7-ray-induced  female- 
sterile  lesions  complement  the  female 
sterility  of  dec2,  cor -36,  and  In(l)oc, 
making  it  unlikely  that  the  new  mu- 
tations affect  the  s36  gene.  Further 
characterization  will  determine  if  these 
mutations  alter  the  amplification  or 
transcription  of  the  other  closely  linked 
genes  active  in  follicle  cells.  The  clon- 
ing and  characterization  of  genomic 
DNA  spanning  over  300  kb  of  the  7F- 
8 A  region  (Levine  and  Spradling,  this 
Report)  will  allow  us  to  localize  changes 
in  DNA  of  the  mutant  strains  relative 
to  the  restriction  map  of  the  unmuta- 
genized  parental  strain. 


Analysis  of  Chorion  Gene 
Expression 

S.  Parks,  L.  Kalfayan,  and  A.  Spradling 

Analysis  of  chorion  gene  mutants 
should  help  us  to  understand  the  mech- 
anisms by  which  these  genes  are  de- 
velopmentally  controlled.  This  year  we 
have  begun  a  detailed  analysis  of  tran- 
scription in  ocelliless  and  several  EMS- 
induced  female-sterile  mutants.  The 
ocelliless  phenotype  (Year Book  79,  80) 
is  the  result  of  an  inversion  of  the  chro- 
mosomal region  7F1,2-8A1,2.  This  in- 
version divides  the  X-chromosome 
chorion  gene  cluster  into  two  sections; 
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one  remains  at  7F  and  the  other  is  re- 
located by  the  inversion  to  8 A.  The  ef- 
fects of  this  inversion  on  amplification 
were  presented  in  Year  Book  80. 

Amplification  begins  prior  to  tran- 
scription and  could  therefore  be  a  pre- 
requisite for  gene  expression.  Chorion 
gene  transcription  might  also  require 
the  structural  integrity  of  the  gene 
cluster.  The  ocelliless  mutation  allows 
us  to  test  these  hypotheses  directly.  In 
ocelliless,  the  region  distal  to  the  in- 
version breakpoint  at  7F  no  longer  un- 
dergoes differential  replication.  We 
studied  the  transcription  of  genes  from 
this  region  in  ocelliless  to  examine  the 
relationship  between  gene  amplifica- 
tion and  transcription.  Studies  with 
ocelliless  egg-chamber  RNA  showed 
clearly  that  the  genes  remaining  at  7F 
are  expressed  despite  the  lack  of  am- 
plification (Fig.  45),  although  RNA  lev- 
els are  much  lower  than  in  wild-type 
egg  chambers.  Thus,  the  influence  of 
amplification  on  the  expression  of  these 
genes  is  probably  restricted  to  a  quan- 
titative role. 

Transcripts  from  the  chorion  gene  re- 
gion accumulate  with  different  devel- 
opmental specificity  despite  the  tight 
clustering  of  the  genes  on  the  chromo- 
some (Year  Book  80).  We  were  inter- 
ested to  know  if  disruption  of  the  gene 
cluster  by  the  ocelliless  inversion  would 
alter  the  timing  of  gene  expression  or 
possibly  prevent  transcription  alto- 
gether in  one  portion  of  the  cluster.  RNA 
from  ocelliless-staged  egg  chambers  was 
immobilized  on  filters  and  hybridized 
with  wild-type  DNA  that  spans  the  7F1 
inversion  breakpoint  (Northern  anal- 
ysis). The  results  show  that  in  ocelliless, 
the  genes  remaining  at  7F  as  well  as 
those  relocated  to  8A  are  expressed  with 
the  normal  developmental  specificity 
despite  the  disruption  of  the  cluster. 
These  results  suggest  that  the  DNA  se- 
quences involved  in  the  developmental 
programming  of  chorion  gene  tran- 
scription may  be  closely  linked  to  the 
coding  sequences. 


Further  analysis  of  transcripts  from 
a  6.0-kb  Eco  RI  fragment  shows  that  an 
870-base  message  maps  in  the  region 
of  the  ocelliless  breakpoint  (Fig.  46). 
Since  this  message  was  not  detected  in 
Northern  blots  of  ocelliless  egg-cham- 
ber RNA  (Fig.  45),  it  is  likely  that  the 
ocelliless  breakpoint  lies  within  the  cor- 
responding gene.  The  absence  of  the  870 
transcript  may  cause  or  contribute  to 
the  sterility  of  ocelliless.  This  possibil- 
ity can  be  examined  by  analyzing  other 
chorion  mutants  and  by  reverting  the 
female  sterility  of  ocelliless  to  fertility. 

In  addition  to  ocelliless,  we  would  like 
to  use  other  available  female-sterile 
mutant  lines  to  understand  the  func- 
tions of  the  individual  genes  in  the  X- 
chromosome  cluster.  We  have  begun  to 
screen  these  mutant  lines  by  Northern 
analysis  in  an  attempt  to  correlate 
phenotypes  with  defects  in  specific 
RNAs.  An  example  of  these  experi- 
ments is  given  in  Fig.  47.  In  this  study, 
ovarian  poly  A  +  RNA  was  prepared  from 
seven  different  EMS-induced  mutant 
lines  and  used  in  Northern  analysis. 
Cloned  Drosophila  DNA  homologous  to 
three  major  and  several  minor  wild-type 
7F  RNAs  was  radiolabeled  and  hybrid- 
ized to  the  RNA  on  the  filter.  All  of  the 
major  species  were  present  in  six  of  the 
seven  lines.  In  the  ocelliless  line,  where 
the  normally  occurring  amplification  of 
this  DNA  does  not  take  place,  none  of 
the  RNAs  are  detected  at  this  exposure. 
Another  mutation,  A5,  appears  to  pro- 
duce reduced  amounts  of  all  three  major 
RNA  species,  suggesting  that  it  inhib- 
its amplification.  Other  differences  in 
intensity  of  one  RNA  relative  to  an- 
other can  be  seen  between  strains.  These 
differences  may  reflect  the  distribution 
of  different  stages  of  egg  chambers 
present  in  the  different  whole-ovary 
RNA  preparations.  This  and  other  stud- 
ies indicate  that  the  phenotypic  defects 
of  these  mutations  may  be  caused  by 
lesions  in  nontranscribed  DNA  se- 
quences or  may  be  simple  point  muta- 
tions in  structural  genes. 


DEPARTMENT  OF  EMBRYOLOGY 

+/+ 

stage-      i    2     «     2    2    S 


193 


oc 


% 


oc 


i      e     «h     {m     m    ^, 

*-'         "■<«■<  1-1         «-l        M 


1650-  M 

1150- 
870-  «# 


1650- 
1150. 


probe_ 


6.0 


6.0 


in    S    S    2    M    * 


1050. 


1050. 


^^ 


4.0 


4.0 


Fig.  45.  The  effect  of  ocelliless  distal  breakpoint  on  transcription  form  the  X-chromosome  chorion 
gene  region.  Poly  A-containing  RNA  was  isolated  from  100  wild-type  and  oc  egg  chambers  of  stages 
1-9,  10,  11,  12,  13,  and  14.  Filters  containing  the  RNAs  were  prepared  following  glyoxal  treatment 
and  separation  in  1.5%  agarose  gels.  Each  filter  was  hybridized  to  a  32P-labeled  probe  containing  the 
4.0-kb  or  6.0-kb  Eco  RI  fragment  as  indicated  in  Fig.  46.  In  ocelliless,  the  inversion  breakpoint  causes 
0.9  kb  of  the  6.0-kb  Eco  RI  fragment,  and  the  entire  4.0-kb  Eco  RI  fragment,  to  be  relocated  at  8A. 
The  5.1  kb  of  the  6.0-kb  Eco  RI  fragment  remaining  at  7F  in  ocelliless  no  longer  amplifies  in  follicle 
cells. 
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Fig.  46.  Sizes  and  locations  of  the  major  transcripts  in  the  X-chromosome  chorion  gene  cluster. 
Brackets  span  the  restriction  fragments,  which  show  hybridization  to  a  particular  transcript  on 
Northern  blots.  Arrows  indicate  the  direction  of  transcription. 
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Fig.  47.  Analysis  of  female-sterile  mutations 
by  Northern  blotting.  Ovarian  poly  A  +  RNAs  from 
wild-type  flies,  from  flies  homozygous  for  female- 
sterile  mutations,  and  poly  A+  RNA  from  wild- 
type  adult  heads  were  electrophoresed  in  dena- 
turing formaldehyde  agarose  gels  and  blotted  onto 
a  nitrocellulose  filter.  The  filter  was  hybridized 
to  pl04.60,  a  clone  containing  the  6.0-kb  Eco  RI 
fragment  shown  in  Fig.  46.  The  autoradiogram 
is  shown  in  this  figure.  The  mutant  lines  ana- 
lyzed are  homozygous  for:  3001  (lane  1),  2448 
(lane  2),  A5  (lane  3),  ocelliless  (lane  5),  dec2  (lane 
7),  cor-36  (lane  8),  and  2401  (lane  9).  Wild-type 
poly  A+  ovarian  RNA  (lane  4)  and  head  RNAs 
(lane  6)  are  also  on  this  filter.  Size  in  nucleotides 
of  the  three  major  RNAs  are  given  at  the  right. 
The  complementation  behavior  of  the  mutants 
studied  in  this  experiment  is  shown  in  Fig.  44. 


Analysis  of  Transcriptional 

Regulation  of  the  s36  and  s38 

Genes  by  Transformation 

L.  Kalfayan,  B.  Wakimoto,  and  A.  Spradling 

Recent  advances  by  Spradling  and 
Rubin  (see  pp.  181-188)  permit  the  in- 
troduction of  cloned  DNA  sequences  into 
the  Drosophila  genome  by  transfor- 
mation. This  development,  combined 
with  the  ability  to  specifically  alter 
cloned  DNA  in  vitro  by  site-directed 
mutagenesis,  makes  feasible  new  ap- 
proaches for  studying  gene  expression 
in  Drosophila.  We  have  begun  to  exploit 
these  techniques  to  study  the  transcrip- 
tional regulation  of  the  s36  and  s38 
genes.  These  genes,  separated  by  less 
than  two  kilobases  of  DNA,  are  cen- 
trally located  within  the  amplified  re- 
gion of  the  X-chromosome  gene  cluster. 
Their  RNAs  are  transcribed  in  tandem 
and  show  identical  patterns  of  accu- 
mulations with  maximum  levels  pres- 
ent in  stage- 12  egg  chambers  (Parks  and 
Spradling,  Year  Book  80).  The  coordi- 
nate expression  of  these  genes  suggests 
that  they  share  common  regulatory 
controls.  We  are  interested  in  identi- 
fying the  control  signals  responsible  for 
efficient  transcription  and  proper  time- 
and  tissue-specific  expression  of  the  s36 
and  s38  genes.  To  accomplish  this,  we 
will  use  transformation  to  construct 
strains  containing  normal  or  altered 
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chorion  gene  sequences  integrated  at 
various  chromosomal  positions.  The 
ability  of  different  defined  DNA  se- 
quences to  promote  accurate  develop- 
mentally  regulated  transcription  from 
a  variety  of  chromosomal  positions  will 
be  examined.  These  studies  should  re- 
veal the  extent  to  which  transcriptional 
regulation  depends  on  (1)  amplification, 
(2)  maintenance  of  the  integrity  of  the 
7F1,2  gene  cluster,  (3)  the  chromo- 
somal location  of  these  genes,  and  (4)  the 
sequences  immediately  flanking  the 
genes. 

Our  studies  require  that  the  RNAs  or 
proteins  produced  by  the  newly  inte- 
grated gene  sequences  be  distinguished 
from  the  products  of  the  host  strain's 
endogenous  s36  and  s38  genes.  This  has 
been  accomplished  for  the  s38  gene  by 
altering  it  in  vitro  so  that  its  transcrip- 
tion product  will  be  longer  or  shorter 
than  the  wild-type  s38  RNA  and  can  be 
distinguished  from  wild-type  RNA  on 
Northern  blots  (Fig.  48).  The  s38  gene 
has  a  unique  Xba  I  site  in  the  middle 
of  its  RNA  complementary  region.  Us- 
ing Xba  I  to  linearize  a  plasmid  con- 
taining the  s38  gene  and  then  digesting 


with  the  nuclease  BAL  31,  we  gener- 
ated small  deletions  within  the  gene, 
leaving  the  5'  and  3'  ends  intact.  A  se- 
ries of  3'  deletions  have  been  obtained 
using  the  unique  Sac  I  site  as  a  starting 
point  for  BAL  31  digestion.  To  create  a 
"maxigene,"  we  ligated  SV40  DNA  into 
the  centrally  located  Bam  HI  site  of  the 
s38  gene  (Fig.  48).  The  insertion  of  this 
heterologous  DNA  will  be  useful  in 
Northern  blot  analyses  as  a  hybridiza- 
tion tag  for  detecting  nonabundant 
transcripts  that  may  result  if  the  newly 
integrated  gene  fails  to  amplify  or  to 
initiate  transcription  efficiently  in  its 
new  chromosomal  environment.  The 
heterologous  SV40  sequence  will  serve 
as  a  primer  in  primer-extensive  studies 
to  accurately  map  the  position  of  the 
initiation  site  of  the  integrated  gene  and 
compare  it  with  that  of  a  wild-type  gene. 
To  construct  s36  minigenes  and  max- 
igenes,  we  will  direct  our  deletions  and 
insertions  to  the  Pvu  II,  Hinc  II,  and 
Xho  I  sites  (see  Fig.  48).  Since  several 
female-sterile  mutations  have  been 
characterized  which  map  to  the  s36  gene 
region,  a  second  approach  is  also  pos- 
sible. To  determine  the  requirements 
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Fig.  48.  Restriction  map  of  the  cloned  Eco  RI  fragments  containing  the  s36  and  s38  genes  and 
surrounding  sequences.  Arrows  indicate  position  and  direction  of  transcription  of  mRNAs.  Solid  lines 
beneath  the  Xba  I  and  Sac  I  sites  show  the  regions  deleted  in  deletion  derivatives  of  s38.  The  triangle 
shows  the  position  of  SV40  sequences  inserted  at  the  Bam  HI  site. 
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for  proper  expression  of  the  s36  gene,  a 
wild-type  s36  gene  will  be  introduced 
by  transformation  into  a  mutant  back- 
ground and  then  assayed  for  its  ability 
to  restore  fertility  of  homozygous  mu- 
tant females.  One  mutation,  cor36,  pro- 
duces s36  RNA  but  fails  to  make  s36 
protein.  Thus,  an  assay  for  fertility  in 
homozygous  cor36  females  requires  that 
a  functional  polypeptide  be  made  from 
the  newly  integrated  gene.  Other  al- 
leles are  being  screened  by  Northern 
blot  analysis  to  determine  whether  s36 
RNA  is  made  by  these  strains.  An  allele 
which  fails  to  produce  RNA  would  pro- 
vide a  useful  background  against  which 
to  detect  wild-type  RNAs. 

The  wild-type  or  mutagenized  cho- 
rion gene  sequences  will  be  introduced 
into  Drosophila  embryos  via  a  slightly 
modified  version  of  the  transformation 
vector  p6.1  used  in  previous  studies 
(Spradling  and  Rubin,  this  Report).  We 
modified  p6.1  to  facilitate  cloning  of  Eco 
RI  fragments,  since  the  s36  and  s38 
genes  lie  within  4.0-kb  and  4.7-kb  Eco 
RI  fragments,  respectively.  To  make  this 
new  vector  (p6.1(3),  we  removed  the  Eco 
RI  site  in  the  pBR322  backbone  and 
added  an  Eco  RI  site  between  the  P- 
element  ends  (Fig.  49).  This  was  nec- 
essary, since  only  those  sequences  be- 
tween the  ends  of  the  P  element  undergo 
transformation. 

Once  the  s36  and  s38  Eco  RI  frag- 
ments were  each  cloned  into  p.6.1|3,  the 
P  transposon  was  marked  by  the  ad- 
dition of  Drosophila  DNA  containing  the 
wild-type  rosy  gene.  When  the  DNA  be- 
tween the  P-element  ends  is  integrated 
into  the  germline  of  rosy~  flies,  some 
of  the  progeny  will  have  wild-type 
(rosy  +  )  eyes.  The  rosy+  strains,  which 
contain  newly  integrated  rosy+  DNA 
and  chorion  gene  sequences,  will  be  used 
for  RNA  or  rescue  analysis  (see  Fig.  49). 
With  this  approach,  we  will  be  able  to 
learn  not  only  about  the  controls  reg- 
ulating the  developmental  expression 
of  chorion  genes,  but  also  about  the  more 
general  biological  phenomenon  of  po- 
sition effects. 


Analysis  of  Sequences  Responsible 
for  Amplification 

D.  de  Cicco  and  A.  Spradling 

The  ocelliless  mutation  has  been 
shown  to  be  a  small  inversion  which 
disrupts  chorion  gene  amplification  on 
the  X  chromosome  (Spradling,  Year  Book 
79, 80).  Specifically,  this  mutation  abol- 
ishes amplification  of  the  region  distal 
to  the  inverted  segment  while  causing 
novel  amplification  of  the  region  prox- 
imal to  it.  In  addition,  the  s36  and  s38 
genes  which  are  included  in  the  in- 
verted DNA  undergo  reduced  amplifi- 
cation. These  results  strongly  suggest 
the  presence  of  one  or  more  cis-acting 
sequences  near  the  distal  breakpoint  of 
the  ocelliless  mutation  within  and  pos- 
sibly also  outside  the  inversion.  By 
analogy,  one  would  also  expect  such  se- 
quences to  be  present  in  the  third-chro- 
mosome cluster  of  chorion  genes. 

In  order  to  identify  and  characterize 
these  sequences,  we  chose  to  use  P-ele- 
ment-mediated  transformation  (Sprad- 
ling and  Rubin,  this  Report)  as  a  means 
of  reintroducing  portions  of  the  X-  and 
third-chromosome  chorion  gene  clus- 
ters into  the  genome.  Briefly,  this  in- 
volves inserting  fragments  of  interest 
between  the  ends  of  a  defective  P  ele- 
ment cloned  in  pBR322  (p6.1).  This  re- 
combinant is  then  injected  into 
preblastoderm  Drosophila  embryos, 
along  with  a  plasmid  carrying  a  com- 
plete P  element  to  supply  the  functions 
required  in  trans  for  transposition  of 
the  defective  element  into  germline 
chromosomes.  We  then  ask  whether 
transformed  chorion  sequences  present 
at  ectopic  sites  in  the  genome  of  the 
progeny  of  injected  flies  can  cause  am- 
plification of  surrounding  sequences  in 
follicle  cells  at  the  stages  of  oogenesis 
during  which  amplification  normally 
takes  place. 

Initially  we  tested  the  3.75-kb  Sal  I 
fragment  from  the  third  chromosome, 
which  contains  the  coding  regions  and 
5'  flanking  sequences  for  the  chorion 
protein  genes  sl8  and  sl5.  This  frag- 


DEPARTMENT  OF  EMBRYOLOGY 


197 


i*ZZZ2ZZZZ£. 


X//////A 


Xba  I   or   Sac  I    digest 


V///////A-, 


Limited    BAL  31  digest 


Ligation 


Eco  Rl     digest 


u/;///;/;/77777^ 


Redone   into    Eco  Rl    site 
of   p6.ip 


EcoRI   digest 


DNAP 
Ligation 


Partial  Pvu  II  digest 


Eco  Rl    linker    addition 


Ligation 


Clone   ry  +   Sal  I    fragment 
into    Xho  I   site 


Fig.  49.  Construction  of  the  s38  rosy+  transformation  vector  containing  pBR322  sequences  (white 
blocks)  and  Drosophila  DNA.  Modifications  of  the  s38  gene  were  made  in  pl03.47,  the  plasmid  which 
contains  the  4.7-kb  Eco  Rl  fragment  (Fig.  46),  by  BAL  31  digestion  from  the  Xba  I  or  Sac  I  sites. 
The  Eco  Rl  fragment  was  then  recloned  into  p6.1(3.  The  p6.1(3  vector  was  derived  from  p6.1  by  filling 
in  the  Eco  Rl  site  with  DNA  polymerase  and  adding  synthetic  Eco  Rl  linkers  at  the  Pvu  II  site 
contained  within  the  P-element  sequences  (solid  blocks).  The  rosy+  marker  was  inserted  between  the 
P-element  ends  by  cloning  the  8-kb  Sal  I  rosy*  fragment  into  the  Xho  I  site. 
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ment  was  cloned  into  the  Xho  I  site  of  stock   1506-20  was  derived  from  the 

the  defective  P-element  vector  p6.1  (see  progeny  of  an  injected  fly.  Southern 

Fig.  51)  and  co-injected  with  the  com-  analysis  indicated  that  this  stock  con- 

plete  P-element  plasmid  pir25.1.  The  tained  the  Sal  I  fragment  integrated  at 
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Fig.  50.  Localization  of  transformed  chorion  gene  sequences  in  line  1506-20  by  in  situ  hybridiza- 
tion. Salivary  gland  polytene  chromosomes  before  (A)  and  after  (B)  transformation  with  the  third 
chromosome  3.75-kb  Sal  I  fragment  were  hybridized  with  3H-labeled  cRNA  specific  for  this  fragment. 
The  cytogenetic  location  is  indicated  for  each  site  of  hybridization. 
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four  ectopic  sites,  and  we  localized  four 
insertions  by  in  situ  hybridization  to 
the  second  and  third  chromosomes  (Fig. 
50).  DNA  was  prepared  from  egg  cham- 
bers of  early  and  late  stages,  digested 
with  Eco  RI,  and  analyzed  by  Southern 
blotting  with  a  probe  specific  for  the  Sal 
I  fragment.  The  results  of  this  experi- 
ment are  shown  in  Fig.  51  (A-C).  The 
amount  of  DNA  loaded  in  each  lane  was 
visualized  by  ethidium  bromide  stain- 
ing before  blotting.  It  can  be  seen  that 
although  the  amount  of  DNA  from  stage 
13-14  egg  chambers  is  lower  than  that 
of  stages  1-8  and  9-10,  the  Eco  RI  7.7- 
kb  fragment  containing  the  resident  Sal 
1 3.75-kb  fragment  gives  a  much  stronger 
signal  in  stage  13-14  than  stages  1-8 
and  9-10,  as  expected  if  amplification 
of  chorion  genes  occurs  normally.  In  ad- 
dition, Eco  RI  fragments  of  greater  mo- 
lecular weight  which  correspond  to  the 
newly  integrated  fragments  follow  this 
pattern  of  amplification  in  a  stage-spe- 
cific manner.  The  same  type  of  exper- 
iment was  done  using  a  small  0.8-kb 
Xho  I  fragment  which  covers  the  5'  end 
of  the  s36  coding  region  and  adjacent 
sequences  on  the  X  chromosome.  Un- 
like the  3.75-kb  Sal  I  fragment  from  the 
third  chromosome,  this  fragment,  which 
also  integrated  at  several  sites  in  the 
genome,  was  not  found  to  cause  ampli- 
fication of  the  surrounding  sequences 
at  any  position  (Fig.  51  D,E). 

We  therefore  believe  that  we  have  lo- 
cated a  sequence  which  acts  as  an  am- 
plification origin  by  this  assay.  We  are 
currently  testing  fragments  which  span 
both  chorion  gene  clusters,  and  we  will 
eventually  narrow  down  on  the  mini- 
mum sequence  required  to  cause  am- 
plification. P-element  vectors  marked 
with  the  rosy+  gene  can  now  be  used  to 
complement  rosy'  mutants  and  will 
greatly  facilitate  the  recovery  of  trans- 
formants  containing  chorion  gene  se- 
quences. 

Apart  from  defining  the  sequences 
responsible  for  amplification,  a  number 
of  questions  are  of  particular  interest 
to  us.  The  third-chromosome  cluster  is 


amplified  approximately  fourfold  more 
than  the  X-chromosome  cluster.  We 
would  like  to  know  whether  this  re- 
flects an  intrinsic  difference  between  the 
origins  of  amplification  or  whether  the 
number  of  amplification  origins  deter- 
mines the  extent  of  uncoupled  replica- 
tion. It  is  also  of  interest  that  in  ocelliless 
females  the  genes  for  s36  and  s38  are 
amplified  but  to  a  lesser  degree  than  in 
the  wild-type  females.  We  would  like  to 
know  whether  the  effect  of  the  relocated 
amplification  origin  is  suppressed  by  its 
new  environment  or  whether  the  re- 
duction in  amplification  reflects  the 
separation  by  the  ocelliless  distal 
breakpoint  of  sequences  which  nor- 
mally act  in  concert  to  promote  a  wild- 
type  level  of  amplification.  One  might 
for  example  imagine  that  amplification 
origins  consist  of  a  replication  origin 
under  the  control  of  some  nearby  "mod- 
ulator" which  specifically  allows  the  or- 
igin to  initiate  new  rounds  of  replication 
when  most  of  the  cell's  DNA  is  no  longer 
replicating.  In  the  case  of  ocelliless,  the 
inversion  might  have  simply  rear- 
ranged such  a  modulator  sequence  near 
another  replication  origin,  but  in  a  con- 
figuration such  that  its  effect  is  re- 
duced. 

Finally,  the  isolation  of  amplification 
origins  opens  up  new  possibilities  to 
study  the  regulation  of  amplification  by 
one  or  more  factors  presumably  pro- 
duced in  follicle  cells  at  a  specific  time 
in  development. 


Sequence  Organization  of  Chorion 
Gene  Regions 

J.  Leuine  and  A.  Spradling 

A  large  number  of  mutations  have 
been  isolated  which  map  in  the  14-band 
X-chromosome  interval,  7E11-8A5, 
which  includes  the  chorion  gene  clus- 
ter. These  mutations  define  sixteen 
complementation  groups,  of  which  ten 
have  female-sterile  alleles  (see  Fig.  44). 
To  understand  the  relationship  these 
complementation  groups  have  to  iden- 
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Fig.  51.  The  presence  and  absence  of  amplification  of  DNA  at  the  integration  sites  of  chorion  gene 
cluster  fragments  in  the  1506-20  and  1820-3  transformant  lines,  respectively.  Whole-ovary  DNA 
(A)  and  staged  egg  chamber  DNAs  (B)  from  the  transformant  line  1506-20  was  digested  with  Eco  RI, 
size-fractionated  by  electrophoresis,  and  analyzed  by  Southern  blot  with  a  32P-labeled  probe  specific 
for  the  third  chromosome  Sal  I  3.75-kb  fragment  transformed.  The  whole-ovary  DNA  was  electro- 
phoresed  longer  to  give  a  better  separation  of  the  four  large  molecular  weight  fragments  a,  b,  c,  and 
d.  These  correspond  to  integration  sites  for  the  transformed  DNA,  while  the  7.7-kb  fragment  contains 
the  resident  Sal  I  3.75-kb  fragment.  The  amount  of  DNA  loaded  in  each  lane  was  visualized  by 
ethidium  bromide  staining  of  the  gel  before  blotting  (C).  Staged  egg  chamber  DNA  from  the  trans- 
formant line  1820-3  was  treated  as  described  above  except  that  the  probe  used  was  specific  for  the 
X-chromosome  0.8-kb  Xho  I  fragment  transformed  (D).  Fragments  a  and  b  correspond  to  integration 
sites  for  the  transformed  DNA.  The  4.0-kb  fragment  contains  the  resident  Xho  I  0.8-kb  fragment. 
The  amount  of  DNA  in  each  lane  was  visualized  by  ethidium  bromide  staining,  as  before  (E),  and 
quantitated  in  the  Southern  blot  (D)  by  hybridization  with  a  probe  specific  for  a  non-amplified  region 
on  the  X  chromosome  (band  c). 
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titled  chorion  region  transcripts,  it  is 
essential  that  their  location  on  restric- 
tion maps  of  this  X-chromosome  region 
be  determined.  Consequently  we  have 
isolated  clones  containing  DNA  se- 
quences derived  from  this  region  by 
chromosome  "walking."  So  far,  a  total 
of  about  300  kb  of  DNA  has  been 
mapped.  In  situ  hybridization  of  these 


clones  to  polytene  chromosomes  sug- 
gests that  most  of  the  7E11-8A5  cyto- 
genetic region  has  been  cloned  (Fig.  44). 
A  second  project  involves  the  se- 
quence analysis  of  the  s36  and  s38  genes 
and  the  amplification  origin  regions. 
Such  DNA  sequence  information  is  a 
prerequisite  for  in  vitro  mutagenesis 
studies. 


GENETIC  CONTROL  OF  CELL  MORPHOLOGY 

Samuel  Ward,  Daniel  J.  Burke,  and  Eileen  Hogan 


Our  laboratory  is  trying  to  learn  how 
individual  gene  products  act  during  de- 
velopment to  determine  the  morphol- 
ogy of  cells.  We  have  concentrated  our 
studies  on  the  development  of  the  sper- 
matozoa of  the  nematode  Caenorhab- 
ditis  elegans.  These  cells  can  be  isolated 
in  sufficient  quantities  for  biochemical 
analysis,  their  development  and  motil- 
ity can  be  studied  in  vitro,  and  many 
mutants  altering  the  sperm's  morphol- 
ogy can  be  obtained  (Year  Book  78,  79, 
80). 

Our  previous  work  has  established 
that  C.  elegans  spermatozoa  are  unlike 
other  amoeboid  cells  because  they  con- 
tain almost  no  actin,  myosin,  or  tubu- 
lin, structural  proteins  that  are  major 
determinants  of  cell  shape  and  motility 
in  many  eukaryotic  cells.  We  have  es- 
tablished that  the  movement  of  the 
spermatozoon  is  propelled  by  mem- 
brane flow,  with  new  membrane  com- 
ponents being  inserted  at  the  tip  of  the 
pseudopod  and  taken  up  at  its  base. 
Membrane  movement  is  initiated  dur- 
ing spermiogenesis  and  must  partici- 
pate in  the  development  of  the 
asymmetry  of  the  spermatozoan  as  well 
as  its  motility. 

For  the  past  year  we  have  focused  our 
efforts  on  characterizing  the  most 
abundant  proteins  in  the  sperm.  Since 
the  common  structural  proteins  of  eu- 
karyotes  are  nearly  absent  from  the 
sperm,  we  reasoned  that  the  other 


abundant  proteins  must  be  structural, 
so  we  have  set  out  to  determine  what 
proteins  these  are  and  how  they  par- 
ticipate in  determining  the  shape  of  the 
cell.  Our  strategy  is  first  to  isolate  sperm- 
specific  genes  by  molecular  cloning  and 
to  locate  the  genes  on  chromosomes  by 
physical  mapping.  Second,  the  protein 
products  of  these  cloned  genes  are  iden- 
tified by  hybrid  selection  and  in  vitro 
translation  of  specific  mRNAs.  Third, 
antibodies  against  these  proteins  are 
raised  in  rabbits  and  used  to  localize 
the  proteins  in  the  cell  and  to  charac- 
terize further  the  in  vitro-translated 
gene  products.  Finally,  fertilization-de- 
fective mutations  mapping  near  the 
cloned  gene  will  be  tested  for  altera- 
tions in  the  gene  products.  If  alterations 
are  found,  then  the  phenotype  of  the 
unfertile  sperm  of  these  mutants  will 
reveal  what  happens  when  this  gene 
product  is  defective.  From  this,  it  should 
be  possible  to  deduce  the  normal  role  of 
this  gene  product  in  the  development 
of  spermatozoan  morphology. 

In  the  first  report,  Dan  Burke  de- 
scribes his  successful  strategy  for  clon- 
ing sperm-specific  genes.  He  then 
describes  characterization  of  the  genes 
for  the  major  sperm  protein  (MSP), 
showing  that  they  are  a  multigene  fam- 
ily. A  general  strategy  for  mapping 
cloned  genes  in  the  genome  is  described 
and  its  successful  application  illus- 
trated for  one  of  the  MSP  clones.  In  the 
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final  report,  a  method  for  preparing  an- 
tibodies to  sperm-specific  protein  is  de- 
scribed, and  these  antibodies  are  used 
to  localize  these  proteins  in  the  cells 
during  development.  The  combination 
of  mutants,  cloned  genes,  and  specific 
antibodies  should  make  it  possible  to 
establish  the  function  of  the  abundant 
proteins  in  the  sperm. 


Isolation  of  Sperm-Specific  Genes 

Daniel  J.  Burke 

The  success  of  a  genetic  approach  to 
understanding  the  molecular  mecha- 
nisms controlling  cellular  morphoge- 
nesis during  spermiogenesis  depends  on 
establishing  the  connection  between  the 
cellular  defects  observed  in  the  sperm 
of  each  mutant  with  the  molecular  de- 
fect in  the  mutated  gene  product.  The 
conventional  approach  to  identifying 
mutated  gene  products  is  to  compare 
the  proteins  of  mutant  and  wild-type 
cells  by  two-dimensional  gel  electro- 
phoresis in  order  to  identify  a  protein 
altered  by  the  mutation,  and  then  to 
prove  that  the  altered  protein  is  the 
product  of  the  specific  mutated  gene. 
This  approach  encounters  many  diffi- 
culties in  practice:  first,  a  cell  contains 
many  hundreds  of  proteins,  some  of 
which  vary  naturally  so  that  identify- 
ing an  alteration  in  a  mutant  is  diffi- 
cult; second,  proteins  may  be 
functionally  defective  but  have  no  de- 
tectable change  in  the  physical  prop- 
erties (charge  and  size)  that  allow 
protein  separation;  third,  proving  that 
an  altered  protein  is  the  product  of  a 
specific  gene  can  be  difficult  if  the  pro- 
tein is  modified  after  translation  by  some 
other  gene  product,  for  example  by 
phosphorylation,  glycosylation,  or  pro- 
teolysis. 

One  solution  to  these  difficulties  that 
has  been  used  successfully  in  prokar- 
yotes  is  to  demonstrate  that  nonsense 
mutations,  which  cause  premature  ter- 
mination of  a  polypeptide,  produce  a 
peptide  fragment  from  the  amino  ter- 


minal portion  of  the  protein  thought  to 
be  the  product  of  the  gene.  In  addition, 
the  normal  protein  should  reappear 
when  the  nonsense  mutation  is  sup- 
pressed. Nonsense  suppressor  mutants 
have  been  identified  in  C.  elegans  and 
used  to  identify  a  gene  for  myosin.  Most 
of  the  sperm-defective  mutants  de- 
scribed in  Table  1,  Year  Book  80  (p.  152), 
have  been  tested  for  suppression.  Un- 
fortunately, none  of  them  are  suppres- 
sive so  probably  none  are  nonsense 
mutations.  This  approach  therefore 
cannot  be  used  to  identify  gene  products 
with  our  present  mutant  collection. 

The  modern  techniques  of  molecular 
genetics  by  gene  isolation  provide  an 
alternative  approach  to  identifying  the 
products  of  specific  mutated  genes:  clone 
the  genes  coding  for  abundant  sperm- 
specific  proteins,  identify  the  proteins 
encoded  by  a  gene  by  hybrid  selection 
of  the  mRNA  and  translation  in  vitro, 
locate  the  cloned  gene  in  the  genome 
by  physical  mapping  relative  to  known 
genetic  markers,  and  test  sperm-spe- 
cific mutants  that  map  nearby  for  al- 
terations in  the  protein,  the  gene,  or  the 
mRNA.  This  approach  focuses  the  bio- 
chemical comparison  of  mutant  and 
wild-type  on  one  gene  product  at  a  time 
rather  than  on  the  entire  constellation 
of  cell  proteins. 

In  order  to  identify  sperm-specific 
genes,  I  established  the  following  min- 
imal criteria.  (1).  The  product  of  the 
gene  should  be  a  protein  found  only  in 
the  sperm,  as  determined  by  either  an- 
tibody staining  or  two-dimensional  gel 
electrophoresis.  (2).  The  gene  should  be 
expressed  continually  in  adult  males 
that  make  sperm  constantly,  but  it 
should  be  expressed  only  briefly  in  her- 
maphrodites during  the  short  interval 
of  spermatogenesis.  (3).  The  gene  should 
not  be  expressed  at  all  in  HC17  mutant 
hermaphrodites  that  make  no  sperm 
(Nelson,  Year  Book  79)  but  make  other 
gonadal  and  somatic  cells  normally. 

The  first  step  in  gene  isolation  was 
to  prepare  a  genomic  library  by  inser- 
tion of  15-20  kilobase  DNA  fragments 
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into  the  phage  vector  M059.  The  gen- 
ome of  C.  elegans  is  small  enough  that 
it  can  be  contained  in  only  4,000  such 
phages,  so  only  a  few  petri  plates  are 
necessary  to  display  the  entire  genome. 
The  next  step  was  to  devise  a  probe  to 
select  those  phages  that  might  contain 
sperm-specific  genes  for  further  screen- 
ing. I  reasoned  that  since  the  majority 
of  cells  in  the  male  were  spermatogonia 
and  spermatocytes,  some  of  the  most 
abundant  mRNAs  in  the  male  should 
be  sperm  specific.  In  adult  hermaphod- 
ites  that  have  completed  spermatoge- 
nesis these  mRNAs  should  be  absent, 
but  the  major  worm  somatic  mRNAs 
would  still  be  present,  since  herma- 
phrodites and  males  share  the  same  so- 
matic tissues.  This  hypothesis  was 
confirmed  by  isolating  mRNAs  from 
males  and  hermaphrodites  and  trans- 
lating them  in  vitro.  The  protein  prod- 
ucts were  analyzed  by  two-dimensional 
gel  electrophoresis  in  the  presence  of 
unlabeled  sperm  proteins.  The  gels  were 
stained  to  visualize  the  sperm  proteins 
and  were  fluorographed  to  locate  the  in 
vitro-translated  proteins.  Among  the 
male  in  vitro  translation  products,  at 
least  seven  proteins  were  found  that  both 
comigrated  with  abundant  sperm  pro- 
teins and  were  absent  from  the  trans- 
lation products  of  hermaphrodite  mRNA. 
The  most  abundant  of  these  proteins  is 
the  15,500-dalton  major  sperm  protein 
(MSP).  As  determined  by  anti-MSP  im- 
munofluorescence staining,  this  pro- 
tein is  sperm  specific  and  becomes 
localized  to  the  pseudopods  during  sper- 
miogenesis  (Year  Book  80). 

The  results  of  this  in  vitro  translation 
confirm  the  hypothesis  that  mRNA  from 
males  does  contain  messages  for  abun- 
dant sperm-specific  proteins.  Therefore 
the  male  and  hermaprodite  mRNA  were 
each  copied  into  32P-labeled  cDNA  to 
make  probes  for  screening  the  genomic 
library  to  find  phages  with  sperm-spe- 
cific genes.  Of  the  1.6  x  104  phages 
screened  (four  genomes)  by  hybridiza- 
tion with  these  probes,  nineteen  were 
picked  because  they  hybridized  only  to 


male  cDNA  and  not  hermaphrodite 
cDNA  after  screening  and  retesting. 

Seven  of  these  recombinant  phages 
have  been  examined  to  determine  to 
which  mRNAs  they  hybridize.  RNA  was 
fractionated  on  denaturing  agarose  gels, 
immobilized  on  nitrocellulose  paper,  and 
probed  with  32P-labeled  recombinant 
phage  DNA  (Fig.  52).  Such  Northern 
blot  analysis  demonstrated  that  five  of 
the  phages  hybridized  strongly  to  an 
mRNA  of  600  nucleotides.  In  addition, 
two  of  the  phages  also  hybridized  to  a 
1,100-nucleotide  mRNA,  and  one  of 
these  phages  hybridized  to  an  addi- 
tional 3,000-nucleotide  mRNA.  In  all 
cases,  these  mRNAs  were  present  only 


y\  2 


A5 


>\7 


KB 
3.0 
2.8 


^^p 


1.1 


0.6 


Fig.  52.  Northern  blot  analysis  of  three  differ- 
ent genomic  clones  containing  male-specific  genes. 
RNA  separated  by  electrophoresis  was  trans- 
ferred to  nitrocellulose  and  probed  with  32P-la- 
beled  DNA  from  three  phages.  All  hybridize 
strongly  to  RNA  from  males  (m)  but  not  her- 
maphrodites (h).  Weak  hybridization  to  XT-her- 
maphrodite RNA  is  due  to  contamination  of 
hermaphrodites  with  animals  in  spermatogene- 
sis. Lengths  were  determined  from  PBR322  stan- 
dards. 
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in  males  and  absent  from  hermaphrod- 
ites (see  below). 

The  abundance  of  600-nucleotide 
mRNA  suggested  that  it  might  be  the 
MSP  message.  To  test  this  suggestion, 
Hind  III  restriction  fragments  from  one 
of  the  phages  that  hybridized  only  to 
the  600-nucleotide  mRNA  were  sub- 
cloned  into  PBR322,  and  a  2-kb  frag- 
ment was  identified  which  contained  all 
of  the  hybridizing  sequences.  This  sub- 
cloned  plasmid,  p\2,2.0,  hybridized  to 
eleven  of  the  original  nineteen  phages 
including  the  five  phages  that  hybrid- 
ized to  the  600-nucleotide  mRNA. 

To  prove  that  the  sequences  common 
to  this  fragment  contained  the  MSP 
gene,  DNA  from  various  phages  and 
from  the  plasmid  were  immobilized  onto 
nitrocellulose  filters  and  hybridized  with 
male  poly  A+  RNA.  After  elution,  the 
RNA  that  was  selected  by  this  hybrid- 
ization was  translated  in  vitro  and  ana- 
lyzed by  gel  electrophoresis.  As  shown 
in  Fig.  53,  two  different  phages  and  the 
plasmid  p\2,2.0  selected  an  mRNA  that 
encodes  a  15.5-kD  protein  that  is  im- 
munoprecipitable  by  anti-MSP  serum. 
The  protein  is  not  precipitated  by 
preimmune  serum,  and  the  precipita- 
tion by  immune  serum  is  blocked  by 
addition  of  excess  purified  MSP.  There- 
fore p\2,2.0  and  the  phages  that  hy- 
bridize to  it  contain  MSP  gene  sequences. 

These  results  establish  that  the  MSP 
gene  clones  meet  the  first  criterion  for 
a  sperm-specific  gene.  The  second  and 
third  criteria  were  tested  by  preparing 
RNA  from  both  males  and  hermaphrod- 
ites at  different  ages  and  from  HC17 
hermaphrodites.  This  RNA  was  frac- 
tionated by  gel  electrophoresis,  and  a 
Northern  blot  of  these  fractionated 
RNAs  was  probed  with  32P-labeled 
p\2,2.0  DNA.  As  shown  in  Fig.  54,  adult 
males  contain  the  RNA  throughout  their 
life,  whereas  hermaphrodites  only  con- 
tain the  RNA  during  the  interval  of 
spermatogenesis.  HC17  hermaphrod- 
ites never  contain  the  RNA.  Therefore 
the  MSP  gene  is  a  genuine  sperm-spe- 
cific gene. 
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Fig.  53.  In  vitro  translation  of  hybrid  selected 
mRNAs.  RNA,  affinity  purified  by  DNA  immo- 
bilized on  nitrocellulose,  was  translated  in  a  rab- 
bit reticulocyte  lysate  using  35S-methionine  and 
analyzed  by  10-20%  SDS-polyacrylamide  gel 
electrophoresis  and  fluorography.  (a)  total  RNA 
translation;  (b)  \2;  (c)  \5;  (d)  \cI857;  (e,f)  p\2,2.0; 
(g)  PBR322;  (h-m)  immune  precipitates  of  lanes 
b-g;  (n-r)  pre-immune  sera;  (s)  no  RNA  (endog- 
enous lysate  control);  (t)  T4  late  proteins  ( '^-la- 
beled) as  molecular  weight  standards. 


Characterization  of  MSP  Genes 

Daniel  J.  Burke 

Eleven  recombinant  phages  were 
found  to  hybridize  to  the  subcloned  MSP 
gene.  These  genomic  clones  were  com- 
pared by  restriction  enzyme  digestion, 
and  only  two  were  found  to  contain 
overlapping  sequences.  All  of  the  other 
phages  share  no  common  restriction 
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Fig.  54.  RNA  purified  from  animals  at  differ- 
ent stages  of  development  was  separated  by  elec- 
trophoresis, transferred  to  nitrocellulose,  and 
probed  with  32P-labeled  DNA  from  p\2,2.0.  A,, 
one-day-old  adults;  A2,  three-day-old  adults. 


fragments;  therefore  they  must  repre- 
sent different  genomic  sequences,  each 
containing  an  MSP  gene,  so  the  MSP  is 
encoded  by  a  multigene  family.  Using 
p\2,2.0  a  cDNA  clone  was  isolated  from 
a  gtlO  library  provided  by  Barbara 
Myers.  DNA  from  this  phage  hybridizes 
to  at  least  ten  bands  when  worm  DNA 
is  cut  by  restriction  enzymes,  fraction- 
ated, and  Southern  blotted.  Therefore 
there  appear  to  be  at  least  ten  copies  of 
the  gene  in  the  genome. 

The  identification  of  a  multigene 
family  for  the  MSP  suggested  that  there 
might  be  different  classes  of  MSP  syn- 
thesized. Preliminary  results  with  nar- 
row-range isoelectric  focusing  gels  does 
indeed  suggest  that  the  protein  is  het- 
erogeneous, but  whether  this  is  because 
there  are  multiple  gene  products  pres- 
ent has  not  been  established.  Attempts 
to  detect  heterogeneity  in  MSP  mRNA 
size  after  gel  fractionation  and  North- 
ern blotting  have  not  revealed  any  het- 
erogeneity in  the  message. 

There  are  several  possibilities  to  ex- 
plain the  existence  of  a  multigene  fam- 
ily and  the  relative  importance  of  each 
family  member  to  the  production  of  MSP 
in  the  cell.  In  one  extreme  case,  all  genes 
are  active  and  direct  the  synthesis  of 


equal  amounts  of  protein;  in  the  other 
extreme  only  one  gene  is  active.  Most 
likely,  many  or  all  members  of  the  mul- 
tigene family  are  expressed,  because  the 
MSP  is  made  only  late  in  spermatoge- 
nesis and  multiple  genes  are  probably 
necessary  to  make  such  an  abundant 
protein  so  rapidly.  In  order  to  deter- 
mine how  many  genes  are  expressed,  I 
asked  if  the  genes  have  diverged  in  their 
base  composition  by  hybridizing  la- 
beled mRNA  individually  to  the  DNA 
from  each  clone  and  then  measuring  the 
thermal  denaturation.  Each  of  the  eleven 
genomic  clones  had  an  identical  melt- 
ing profile  which  was  identical  to  the 
profile  with  the  cDNA  clone.  This  shows 
that  there  is  no  significant  diversion  in 
base  composition  between  cloned  genes. 
Although  this  does  not  prove  which,  if 
any,  of  these  genes  are  active,  it  is  con- 
sistent with  all  of  them  being  ex- 
pressed. 

A  cloned  gene  can  be  located  on  the 
genetic  map  of  C.  elegans  by  mapping 
restriction  enzyme  polymorphisms  be- 
tween two  cross-fertile  strains.  This 
method  was  first  applied  to  nematodes 
by  David  Hirsh  and  has  been  used  to 
map  actin  genes  and  is  diagrammed  in 
Fig.  55.  Crosses  were  performed  be- 
tween Bristol  strain  worms  with  mul- 
tiple genetic  markers  on  each 
chromosome  and  Bergerac  strain  worms. 
Descendents  that  were  homozygous  for 
each  Bristol  chromosome  were  picked 
individually  and  allowed  to  produce 
progeny.  These  progeny  will  be  homo- 
zygous for  the  selected  Bristol  chro- 
mosome but  mixed  for  all  other 
chromosomes.  The  fate  of  a  restriction 
site  polymorphism  can  be  followed  rel- 
ative to  these  selected  markers  by  anal- 
ysis of  Southern  blots  of  DNA  prepared 
from  these  progeny.  For  example,  in  Fig. 
55  it  is  assumed  that  the  genomic  lo- 
cation of  the  cloned  probe  is  on  chro- 
mosome I.  Then  homozygotes  for  this 
chromosome  contain  only  the  Bristol- 
specific  fragments  (Y  and  Z),  whereas 
progeny  homozygous  for  chromosome  II 
or  any  other  chromosome  contain  a 
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PHYSICAL  MAPPING  OF  A  CLONED  GENE 
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Fig.  55.  Males  of  Bergerac  strain  (closed 
squares)  are  crossed  to  hermaphrodites  of  the 
Bristol  strain  (open  squares)  carrying  multiple 
recessive  mutations  on  chromosome  I  (closed  line). 
Chromosome  II  (dashed  line)  is  not  marked.  The 
heterozygotes,  which  look  wild-type,  are  allowed 
to  self-fertilize,  and  only  individuals  homozygous 
for  the  marked  chromosome  I  are  picked.  The 
result  is  a  population  of  animals  homozygous  for 
chromosome  I  but  having  equal  numbers  of  Bris- 
tol and  Bergerac  chromosome  II.  The  cross  is  re- 
peated individually  for  each  of  the  six 
chromosomes.  A  polymorphism  in  the  Southern 
blot  of  parental  DNA  can  be  mapped,  as  described 
in  the  text. 


mixture  of  all  three  fragments  because 
they  contain  a  mixture  of  Bristol  and 
Bergerac  chromosomes  I.  Thus  the  loss 
of  the  Bergerac-specific  fragment  when 
progeny  are  homozygous  for  a  Bristol 
chromosome  locates  the  cloned  probe  to 
that  Bristol  chromosome. 

The  results  of  such  a  mapping  exper- 
iment with  one  of  the  MSP  genomic 
clones  is  shown  in  Fig.  56.  Fragment  X 
is  specific  to  the  Bergerac  strain,  and 
this  fragment  is  lost  only  when  Bristol 
chromosome  IV  is  homozygous.  There- 
fore this  MSP  gene  is  localized  on  chro- 


mosome IV.  Further  resolution  can  be 
obtained  by  segregation  from  three  fac- 
tor crosses  using  markers  on  chromo- 
some IV.  The  other  MSP  clones  have 
not  yet  been  mapped.  Four  fer  muta- 
tions are  known  on  chromosome  IV,  and 
mutant  strains  containing  these  are 
being  examined  for  MSP  alterations. 

The  data  so  far  indicate  that  the  MSP 
is  encoded  by  a  multigene  family  that 
contains  ten  or  more  members  that  have 
not  diverged  greatly  in  sequence.  The 
members  are  not  closely  linked  in  the 
genome  because  clones  containing  16- 
kb  sequences  do  not  overlap.  The  het- 
erogeneity in  the  protein  observed  on 
gels  may  indicate  that  there  is  more 
than  one  type  of  MSP  product.  At  least 
one  gene  is  located  on  chromosome  IV, 
and  two  others  appear  to  be  linked  to 
other  sperm-specific  proteins.  We  are 
currently  selecting  additional  MSP 
clones  and  mapping  the  ones  already 
identified.  If  many  of  the  MSP  genes 
are  expressed  during  spermatogenesis 
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Fig.  56.  Physical  mapping  of  an  MSP  genomic 
clone  to  chromosome  IV.  A  polymorphism  in  the 
Southern  blots  of  Bristol  and  Bergerac  DNA  was 
determined  primarily.  Fragment  X  is  Bergerac- 
specific,  Y  is  Bristol-specific,  and  Z  is  common. 
The  loss  of  fragment  X  locates  the  position  of  the 
cloned  gene  (see  text). 
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then  a  mutation  of  one  of  them  might 
not  lead  to  sterility,  so  MSP  mutations 
might  not  be  in  our  present  collection. 
Therefore  we  will  begin  selecting  dom- 
inant sperm-defective  mutations  in  or- 
der to  find  the  effect  of  loss  of  MSP 
function. 

The  strategy  of  gene  isolation  and 
characterization  that  has  led  to  the 
identification  of  MSP  genes  is  a  general 
one  and  should  allow  the  identification 
and  characterization  of  other  sperm- 
specific  genes.  The  apparent  linkage  of 
several  of  these  genes  indicates  that  the 
genomic  organization  of  sperm-specific 
genes  may  reveal  something  about  their 
regulation  and  function.  Together  with 
the  method  of  preparing  antisera  to 
sperm-specific  proteins  described  be- 
low, the  isolation  of  sperm-specific  genes 
should  make  it  possible  to  achieve  the 
goal  of  connecting  the  cell  biological 
phenotype  of  mutant  sperm  to  specific 
defective  gene  products. 


Preparation  of  Antibodies  against 
Abundant  Sperm  Proteins 

Samuel  Ward  and  Daniel  J.  Burke 

Reasoning  that  the  structural  pro- 
teins that  determine  the  shape  of  C.  ele- 
gans  spermatozoa  must  be  among  the 
most  abundant  proteins  in  the  cell,  we 
set  out  to  raise  antibodies  to  some  of 
these  proteins.  Specific  antibodies  could 
be  used  to  determine  the  location  of  a 
protein  in  the  cell  and  used  to  identify 
genes  coding  for  that  protein  by  im- 
munoprecipitation  of  in  vitro  transla- 
tions. We  used  the  normally  analytical 
procedure  of  two-dimensional  gel  elec- 
trophoresis as  a  preparative  method  for 
obtaining  purified  proteins.  We  used 
larger-diameter  tubes  for  the  first  iso- 
electric focusing  step  to  allow  fraction- 
ation of  3  x  107  cells  (480  |xg  protein) 
on  each  of  six  gels.  After  the  second- 
dimension  SDS  gel  electrophoresis,  gels 
were  fixed  and  stained.  More  than  200 
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Fig.  57.  Two-dimensional  gel  fractionation  of  sperm  proteins.  Isoelectric  focusing,  horizontal;  SDS 
gel  electrophoresis,  vertical.  Sperm-specific  spots  cut  out  and  injected  into  rabbits  are  numbered  or 
labeled. 
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Fig.  58.  Indirect  immunofluorescent  staining  with  anti-spot  10  antisera.  a,  b,  c  are  testis;  d,  e,  f, 
dividing  spermatocyte  and  spermatid;  g,  j,  two  spermatids  budding  from  residual  bodies,  i,  j,  sper- 
matozoa, a,  d,  g,  i:  Nomarski  optics,  b,  e:  nuclear  fluorescent  label,  c,  f,  h,  j:  antibody  labeling. 


individual  protein  spots  could  be  seen 
on  the  original  gels  (Fig.  57).  With  the 
more-sensitive  silver  stains  or  with  au- 
toradiography of  isotopically  labeled 
proteins,  up  to  400  spots  can  be  recog- 
nized. 

We  identified  the  major  sperm  pro- 
teins that  seemed  to  be  unique  to  the 
sperm  by  comparing  the  pattern  of  sperm 
proteins  to  the  pattern  of  total  worm 
proteins  without  sperm  that  were  frac- 
tionated on  parallel  gels.  In  addition  we 
compared  gel  patterns  of  the  proteins 


synthesized  in  vitro  by  mRNA  ex- 
tracted from  males  to  identify  those 
male-specific  proteins  present  in  the 
sperm  and  not  modified  after  transla- 
tion. The  five  most  abundant  of  seven 
such  proteins  were  chosen,  and  their 
stained  spots  were  cut  out  of  the  gels. 
These  spots  are  labeled  on  Fig.  57.  For 
the  major  sperm  protein,  about  70  \xg 
of  protein  was  obtained  from  each  gel; 
for  the  other  spots,  about  10  \xg  or  less 
were  obtained. 
The  gel  fragments  containing  these 
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proteins  were  homogenized,  combined 
with  adjuvant,  and  injected  into  rab- 
bits. After  from  one  to  three  booster  in- 
jections, the  rabbits  were  bled  and  tested 
for  the  presence  of  antisperm  antibod- 
ies both  by  immunoprecipitation  of 
sperm  proteins  and  by  immunofluores- 
cent  staining  of  sperm  and  gonads.  Three 
out  of  the  five  antisera  were  found  to 
be  positive,  two  of  them  of  very  high 
titer:  both  anti-MSP  and  anti-spot  10 
stain  spermatozoa  above  background  at 
dilutions  of  1/8000;  anti-spot  12  stains 
at  1/800. 

Anti-MSP  stains  the  pseudopods  in 
spermatozoa,  the  cytoplasm  in  sper- 
matids, and  the  fibrous  bodies  in  de- 
veloping spermatocytes,  as  was  found 
previously  with  another  anti-MSP  serum 
(Year Book  80).  Interestingly,  anti-spot 
10  shows  a  nearly  identical  pattern  of 
staining  (Fig.  58).  Control  experiments 
show  that  these  two  sera  stain  distinct 


MSP 
10 
11 


m 


Fig.  59.  Immunoprecipitation  of  sperm  pro- 
teins, (a)  whole  sperm;  (b)  pre-immune  serum;  (c, 
d)  anti-MSP  serum;  (e)  pre-immune  serum;  (f,  g) 
anti-spot  10  serum.  The  fuzzy  bands  in  the  middle 
of  the  gels  are  precipitated  nonspecifically  by  im- 
munoglobulins. 


antigens,  because  the  staining  by  anti- 
MSP  is  completely  abolished  by  prein- 
cubation of  the  serum  with  MSP  whereas 
the  staining  by  anti-spot  10  is  unaf- 
fected by  this  preincubation.  The  anti- 
spot  12  antiserum  has  not  yet  been  fully 
characterized. 

It  can  be  confirmed  by  immunopre- 
cipitation of  isotopically  labeled  sperm 
proteins  that  these  antisera  are  di- 
rected against  the  proteins  used  for  im- 
munization. Figure  59  shows  that  the 
major  protein  precipitated  by  the  anti- 
MSP  is  indeed  MSP.  The  anti-spot  10 
antisera  precipitates  both  spot  10  and 
spot  11  as  well  as  a  small  amount  of 
MSP.  The  amount  of  MSP  immunopre- 
cipitated  is  similar  to  that  found  in  con- 
trols with  preimmune  serum.  MSP  is 
such  an  abundant  sperm  protein  that  it 
is  difficult  to  prevent  it  from  contami- 
nating immunoprecipitations  of  other 
proteins.  That  both  spot  10  and  11  are 
precipitated  by  anti-spot  10  antisera 
could  have  three  explanations:  the  two 
proteins  are  immunologically  cross-re- 
active, the  spots  were  not  cleanly  sep- 
arated from  each  other  for  im- 
munization, or  the  two  proteins  form  a 
complex  and  precipitate  together. 

It  is  intriguing  that  two  of  the  major 
sperm-specific  proteins,  MSP  and  spot 
10,  are  both  localized  in  the  pseudopod. 
They  may  both  participate  in  motility 
or  in  establishing  the  morphology  of  the 
pseudopod.  They  differ  in  one  impor- 
tant way,  however:  MSP  is  readily  sol- 
ubilized  from  the  cell,  whereas  spot  10 
fractionates  with  the  cell  membranes. 
Neither  is  found  on  the  outside  surfaces 
of  the  sperm. 

Straining  of  gonads  during  develop- 
ment and  of  isolated  spermatocytes  and 
spermatids  shows  that  spot  10  protein 
is  synthesized  late  in  spermatogenesis 
in  late  primary  and  secondary  sper- 
matocytes. Like  the  MSP,  it  appears  in 
dots  in  spermatocyte  cytoplasm  where 
the  developing  fibrous  bodies  are  found. 
This  suggests  that  the  spot  10  protein, 
like  the  MSP,  is  localized  in  the  fibrous 
bodies. 
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As  described  above,  the  anti-MSP 
antisera  has  been  used  to  identify  clones 
containing  the  gene  for  the  MSP.  Clones 
for  spot  10  have  not  yet  been  identified, 
but  the  antiserum  should  aid  their 
identification  by  immunoprecipitation 
of  in  vitro  translation  products  of 
mRNAs  selected  by  hybridization  to 
sperm-specific  clones.  Alternatively,  the 
antisera  will  be  used  to  find  the  genes 
encoding  their  antigens  by  screening  an 
expression-vector  cDNA  library  that 
should  make  the  antigens  in  phage-in- 
fected  E.  coli.  Once  the  clones  contain- 
ing the  gene  encoding  these  antigenic 
peptides  are  identified,  the  genes  will 


be  physically  mapped,  as  described  be- 
low, to  identify  which  fer  mutant  gene 
they  represent. 

Our  success  in  raising  high-titer  an- 
tibodies specific  to  spots  cut  off  gels  opens 
the  way  to  connect  the  cell  biological 
description  of  the  defects  caused  in 
spermatozoa  by  fer  mutant  to  specific 
molecular  defects  in  identified  proteins. 
The  antibodies  allow  purfication  of  the 
proteins  by  immunoprecipitation  and 
localization  of  the  proteins  in  the  cell 
by  immunofluorescence.  Thus  these  an- 
tibodies provide  the  bridge  to  connect 
the  genes  to  the  structure  of  the  cell. 


SOMATIC   MUTATION  IN  ANTIBODY  GENES 

P.  Gearhart  and  A.  Patterson 


An  animal  can  produce  an  estimated 
106-108  unique  antibodies.  We  wish  to 
understand  how  this  vast  repertoire  of 
proteins  is  generated.  Antibody  mole- 
cules are  composed  of  heavy  and  light 
chains,  each  containing  variable  (V)  and 
constant  (C)  regions.  The  variable  re- 
gion is  encoded  by  several  gene  seg- 
ments. For  example,  the  variable  region 
of  the  light  chain  is  encoded  by  a  V- 
gene  segment  and  a  joining-gene  (J- 
gene)  segment.  Gene  rearrangement 
between  the  gene  segments  occurs  to 
form  a  complete  antibody  gene.  A  V- 
gene  segment  is  translocated  next  to  a 
J-gene  segment,  and  the  V-J  gene  and 
nearby  constant  gene  are  transcribed. 

Diversity  in  variable  genes  is  due  to 
the  following  mechanisms.  First,  there 
is  a  large  multigene  family  of  around 
200  germline  genes  encoding  variable 
regions  for  each  of  the  heavy  and  light 
chains.  Second,  diversity  arises  through 
the  random  joining  of  gene  segments. 
Many  V-gene  segments  can  join  with 
any  J-gene  segment  to  create  a  com- 
plete variable  gene.  Third,  the  gene 
segments  join  imprecisely  to  generate 
hybrid  codons  around  the  joining  site, 
which  is  in  the  third  hypervariable  re- 


gion of  the  variable  region.  Fourth,  an 
unknown,  hypermutational  mecha- 
nism introduces  single  nucleotide  sub- 
stitutions into  the  variable  gene,  but 
not  into  the  constant  gene,  during  lym- 
phocyte differentiation.  Our  goal  is  to 
identify  the  molecular  basis  of  this  so- 
matic mutation. 

Mutations  Are  Localized  to  the  V- 
J  Gene  and  Its  Flanking  Sequences 

In  order  to  determine  the  extent  of 
nucleotide  substitutions  in  V  and  C 
genes,  we,  in  collaboration  with  Dan 
Bogenhagen  at  SUNY  at  Stony  Brook, 
are  currently  sequencing  the  DNA  from 
hybridomas  secreting  kappa  (k)  light 
chains  that  bind  phosphorylcholine. 
These  are  called  the  M167  Vk  light  chain 
group.  There  is  only  one  germline  V 
gene  that  codes  for  this  group,  and  there 
is  one  germline  C  gene.  We  have  al- 
ready identified  several  variant  pro- 
teins by  amino  acid  sequencing,  in 
collaboration  with  Leroy  Hood  at  the 
California  Institute  of  Technology.  We 
are  comparing  the  nucleotide  se- 
quences of  several  different  hybridoma 
and  myeloma  genes  to  the  sequences  of 
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the  germline  V  and  C  genes  to  identify 
sites  of  mutation. 

Using  the  Southern  blot  hybridiza- 
tion method  on  total  cellular  DNA  from 
the  hybridomas,  we  identified  a  4.7-kb 
Bam  HI  restriction  endonuclease  frag- 
ment that  contained  the  rearranged 
M167  Vk  and  Ck  genes.  We  then  con- 
structed lambda  phage  libraries  con- 
taining the  Bam  HI  fragments  from 
hybridoma  DNA  in  this  size  range.  The 
phage  libraries  were  screened  for  clones 
that  contained  both  the  rearranged 
Ml 67  Vk  and  Ck  genes.  Rearranged 
genes  were  then  subcloned  into  the 
pBR322  plasmid  and  M13  virus  for  nu- 
cleotide sequencing.  The  DNA  sequenc- 
ing strategy  was  to  sequence  the  Vk 
gene  and  its  flanking  regions,  the  in- 
tervening sequence  between  the  Vk  and 
Ck  genes,  and  the  Ck  gene.  The  se- 
quences were  then  compared  to  the 
published  sequences  of  the  germline 
M167  Vk  gene  (Seising  and  Storb,  Cell, 
25, 47, 1980),  the  intervening  sequence, 
and  the  Ck  gene  (Max  et  al.,  J.  Biol 
Chem.,  256,  5116,  1981). 

From  the  preliminary  results  in  Fig. 
60,  we  can  reach  several  interesting 


conclusions  about  somatic  mutation. 
First,  mutation  occurs  at  a  very  high 
frequency.  The  rate  of  mutation  around 
the  region  of  the  V-J  gene  is  approxi- 
mately 10  "2  per  base  pair.  In  contrast, 
the  rate  of  mutation  for  non-immuno- 
globulin  genes  in  lymphocytes  has  been 
estimated  to  be  less  than  10  6  per  gene 
locus. 

Second,  mutations  are  due  to  single 
nucleotide  substitutions.  There  is  no 
specificity  for  any  particular  base  to 
mutate,  and  no  preference  for  transi- 
tions as  opposed  to  transversions. 

Third,  mutation  is  localized  to  the  re- 
gion surrounding  and  including  the 
rearranged  V-J  gene.  We  and  other  in- 
vestigators have  shown  that  there  is  no 
mutation  in  the  region  around  the  C 
gene.  There  is  a  gradient  of  mutation 
which  decreases  about  350  bases  away 
from  either  side  of  the  V-J  gene.  Thus, 
the  mutable  locus  is  approximately  1000 
bases  long. 

Fourth,  mutation  does  not  occur  in 
unrearranged  V  genes.  A  M167  Vk  gene 
on  an  unrearranged  chromosome  from 
hybridoma  HPCG13  has  no  mutations, 
whereas  the  corresponding  rearranged 
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Fig.  60.  Somatic  mutation  is  localized  to  rearranged  variable  genes.  The  rearranged  variable  (V), 
joining  (J),  and  constant  (C)  genes  from  genomic  DNA  from  hybridomas  and  myelomas  are  compared 
to  the  germline  sequence  of  kappa  light  chain  genes.  Nucleotide  base-pair  substitutions  are  indicated 
by  a  vertical  line.  The  results  show  a  gradient  of  mutation,  which  is  high  around  the  variable  gene 
but  lower  towards  the  constant  gene.  The  mutational  mechanism  has  not  been  activated  in  the  HPCG9 
cell  line.  The  data  suggest  that  mutation  is  specific  for  the  variable  and  joining  genes,  and  that  it 
occurs  after  gene  rearrangement.  Mutations  appear  to  occur  in  random  clusters,  which  indicates  that 
the  rate  of  mutation  within  a  cluster  is  extraordinarily  high. 


212 


CARNEGIE    INSTITUTION 


gene  has  many  mutations  (Fig.  60).  This 
suggests  that  there  may  be  a  nucleotide 
sequence  around  the  J-gene  segment 
that  is  recognized  by  enzymes  involved 
in  mutagenesis.  Alternatively,  such  a 
sequence  could  be  present  in  the  V  gene, 
but  because  unrearranged  V  genes  are 
not  transcribed,  there  is  no  mutation. 
Transcribed  DNA  is  more  sensitive  to 
enzymes  such  as  DNAase  than  untran- 
scribed  DNA. 

The  function  of  somatic  mutation  is 
presumably  to  make  more  effective  an- 
tibodies. The  mutational  mechanism 
generates  multiple  substitutions  in  the 
hypervariable  and  framework  regions 
of  the  rearranged  V  gene  and  in  non- 
coding  flanking  sequences.  Variant 
amino  acid  residues  in  hypervariable 
regions  would  be  selected  if  the  variant 
antibody  had  higher  affinity  for  anti- 
gen. Variant  hybridomas  HPCG10  and 
HPCG13  in  Fig.  60  have  a  higher  af- 
finity for  phosphorylcholine  than  has 
HPCG9,  which  has  the  germline  se- 
quence (J.  Rodwell  et  al.,  unpublished 
results).  Thus,  mutation  has  produced 
antibodies  with  affinity  for  antigen 
higher  than  that  of  the  germline-en- 
coded  antibody. 


An  Assay  to  Detect  Ongoing 
Mutation 

What  is  the  mechanism  of  somatic 
mutation?  The  key  feature  is  the  local 
occurrence  of  mutations  within  and 
surrounding  the  V-J  gene.  One  possi- 


bility is  the  replacement  of  nucleotides 
by  an  error-prone  repair  process  that  is 
initiated  by  an  endonuclease  specific  for 
the  V-J  gene  or  flanking  sequences.  An 
exonuclease  could  produce  gaps,  and  a 
repair  DNA  polymerase  would  intro- 
duce substitutions.  However,  no  DNA 
polymerase  introduces  errors  at  the  high 
frequency  observed  in  V  genes.  There- 
fore, many  cycles  of  error-prone  repair 
might  be  required  during  lymphocyte 
division  to  produce  the  observed  rate  of 
base-pair  changes. 

In  order  to  identify  a  putative  nu- 
cleotide sequence  around  the  V  gene  that 
specifically  initiates  mutation,  we  will 
develop  a  sensitive,  genetic-reversion 
assay.  A  defective  gene  coding  for  the 
bacterial  enzyme,  beta-lactamase,  will 
be  ligated  next  to  an  antibody  V-J  gene. 
The  recombinant  DNA  molecule  will  be 
integrated  into  a  viral  vector,  which  will 
be  used  to  transform  lymphocyte  cell 
lines.  Mutation  that  is  initiated  in  the 
V-J  gene  will  proceed  into  the  defective 
beta-lactamase  gene  and  revert  it  to 
wild-type  structure.  Revertants  will 
grow  in  the  presence  of  ampicillin.  This 
positive  selection  procedure  will  allow 
us  to  screen  millions  of  transformed  cells 
for  revertants.  Once  a  cell  line  is  iden- 
tified as  an  undergoing  mutation,  it  will 
be  used  as  a  recipient  in  transformation 
with  genetically  deleted  DNA.  If  a  spe- 
cific initiation  region  exists  around  the 
V-J  gene  and  it  is  deleted,  mutation  will 
decrease.  In  further  studies,  the  abnor- 
mal repair  enzymes  in  cell  lines  will  be 
characterized. 


CONTROL  OF  5S  RNA  GENE  TRANSCRIPTION  IN 

XENOPUS 

D.  D.  Brown,  N.  R.  Cozzarelli,  I.  J.  Jackson,  E.  Jordan,  M.  Schlissel,  D.  Setzer,  D.  R.  Smith,  and 

W.  M.  Wormington 


Some  general  principles  about  the 
control  of  eukaryotic  gene  transcription 
are  beginning  to  emerge  from  our  mo- 
lecular studies  on  the  5S  RNA  gene  sys- 
tem in  Xenopus.  We  know  that  initiation 


of  RNA  transcription  depends  upon  the 
interaction  of  a  40-kd  protein  with  a 
DNA  sequence  within  the  gene,  termed 
the  internal  control  region.  Other  as  yet 
unidentified  molecules  interact  with 
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these  two  components,  forming  a  stable 
transcription  complex  that  becomes  a 
functional  template  for  5S  RNA  syn- 
thesis. These  complexes  formed  in  vitro 
resemble  those  formed  in  vivo  (namely 
chromatin).  It  appears  as  though  RNA 
polymerase  III  is  the  component  of  the 
complex  that  is  least  tightly  bound  (de- 
scribed below,  Setzer).  Thus,  purified 
polymerase  alone  can  complement  in- 
active chromatin  to  synthesize  5S  RNA 
(Schlissel  and  Cozzarelli).  The  control 
of  5S  RNA  genes  in  somatic  cells  re- 
quires that  98%  of  the  animal's  5S  RNA 
genes  (ooctye  5S  DNA)  are  repressed 
while  2%  of  the  5S  RNA  genes  (somatic 
5S  RNA)  synthesize  greater  than  95% 
of  the  5S  RNA.  The  information  for  this 
control  is  "built  into"  the  chromatin 
(Wormington)  and  may  well  be  due  to 
the  exclusion  of  the  transcription  factor 
from  the  inactive  oocyte  genes  and  its 
inclusion  in  the  complexes  that  sur- 
round the  active  somatic  genes.  The 
reason  for  this  unequal  partitioning  of 
factor  molecules  is  not  known,  but  it 
correlates  with  the  very  low  level  of  the 
protein  in  somatic  cells.  The  first  ex- 
periments suggesting  that  exogenous 
5S  RNA  genes  can  be  brought  under 
this  developmental  control  are  re- 
ported. 

We  were  fortunate  to  be  joined  for 
several  months  by  Dr.  N.  R.  Cozzarelli 
from  the  University  of  Chicago.  He  and 
M.  Schlissel  purified  RNA  polymerase 
III.  This  has  led  to  the  important  ob- 
servation that  although  the  purified  en- 
zyme is  incapable  of  recognizing  the  start 
site  of  a  5S  RNA  gene,  it  does  recognize 
the  termination  site,  accurately  and  ef- 
ficiently. 

The  40-kd  protein  isolated  from  Xen- 
opus  ovaries  is  the  first,  and  to  date  the 
only,  example  of  a  gene-specific  positive 
transcription  factor  isolated  from  a  eu- 
karyotic  source.  Its  detailed  molecular 
interactions  are  extremely  interesting 
to  us  and  are  being  pursued  by  D.  Smith. 
In  addition,  we  would  like  to  clone  the 
gene  so  that  we  can  follow  the  devel- 
opmental control  of  the  factor  (Jack- 


son). This  would  take  us  yet  another 
step  into  the  developmental  cycle. 


Transcriptional  States  of  5S  RNA 
Genes  in  Somatic  Cells 

W.  M.  Wormington 

An  active  transcription  complex 
formed  in  vitro  on  a  cloned  5S  RNA 
gene  resembles  the  state  of  somatic  5S 
RNA  genes  in  somatic  chromatin.  We 
predicted  that  the  5S  transcription  fac- 
tor is  stably  associated  with  these  ac- 
tively transcribed  genes.  To  demonstrate 
this,  we  made  use  of  an  oocyte  nuclear 
(GV)  extract  depleted  of  the  factor  by 
adsorption  to  antibody  directed  against 
it.  Figure  61  shows  that  the  depleted 
extract  synthesized  only  5%  as  much  5S 
RNA  as  that  synthesized  by  the  un- 
treated extract  (when  cloned  5S  DNA 
is  used  as  a  template),  but  it  transcribes 
tRNA  genes  as  actively  as  the  control 
(lanes  1  and  2). 

An  identical  result  is  obtained  when 
purified  X.  laevis  genomic  DNA  is  used 
as  a  template  (lanes  3  and  4).  Synthesis 
of  predominantly  oocyte  5S  RNA  (>95%) 
as  well  as  tRNA  and  other  as  yet  un- 
characterized  RNA  polymerase  Ill-de- 
pendent transcripts  are  observed  upon 
transcription  of  genomic  DNA  in  the 
control  extract.  Depletion  of  the  5S 
transcription  factor  from  the  extract  re- 
sults in  the  specific  loss  of  5S  RNA  syn- 
thesis, whereas  other  RNA  polymerase 
III  directed  products  are  unaltered. 

An  entirely  different  result  is  ob- 
tained if  native  chromatin  isolated  from 
Xenopus  tissue  culture  cells  or  mature 
erythrocytes  is  used  as  a  template.  Only 
somatic  5S  RNA  is  synthesized  from  so- 
matic cell  chromatin  in  the  complete 
oocyte  extract.  This  5S  RNA  synthesis 
does  not  require  the  40-kd  transcription 
factor  (lanes  5  and  6).  Since  this  factor 
is  essential  for  transcription  of  5S  RNA 
genes,  we  conclude  that  the  somatic  5S 
RNA  genes  in  chromatin  already  have 
this  protein  stably  bound  to  them  as 
part  of  a  transcription  complex.  In  fact, 
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Fig.  61.  Transcription  of  5S  DNA-containing 
templates  in  complete  (lanes  1,  3,  5,  7)  and  5S- 
transcription-factor-depleted  (lanes  2, 4,  6,  8)  GV 
extract.  Lanes  1  and  2,  a  mixture  of  tRNA  and 
5S  RNA  genes  in  recombinant  form;  lanes  3  and 
4,  X.  laevis  genomic  DNA;  lanes  5  and  6,  somatic 
cell  chromatin;  lanes  7  and  8,  0.6  M  NaCl-washed 
somatic-cell  chromatin. 


purified  RNA  polymerase  III  alone  can 
stimulate  faithful  transcription  of  so- 
matic 5S  RNA  genes  in  chromatin  (see 
Schlissel  and  Cozzarelli,  this  Report). 
Washing  chromatin  with  high  salt  must 
provide  access  of  the  40-kd  protein  to 
the  oocyte  5S  RNA  genes,  since  tran- 
scription using  factor-depleted  extract 
does  not  stimulate  transcription  of  these 
genes  (lanes  7  and  8). 

Thus  a  mechanism  for  the  develop- 
mental control  of  5S  RNA  genes  in- 
volves the  conversion  of  oocyte  5S  RNA 
genes  from  stable  active  transcription 


complexes  in  oocytes  to  inactive  com- 
plexes in  somatic  cells.  This  control  is 
established  during  embryonic  devel- 
opment (see  Year  Book  80,  pp.  216-217). 
Chromatin  was  isolated  from  various 
developmental  stages  and  assayed  for 
its  ability  to  support  the  same  kinds  of 
5S  RNA  synthesis  in  vitro  as  occurs  in 
vivo. 

The  RNA  profiles  of  chromatin-di- 
rected  transcripts  synthesized  in  the 
oocyte  nuclear  extract  are  shown  in  Fig. 
62.  Chromatin  prepared  from  early 
cleavage  embryos  (lane  1)  fails  to  sup- 
port any  detectable  RNA  polymerase  in- 
dependent transcription,  suggesting  that 
a  generalized  repression  of  the  tem- 
plate accounts  for  the  transcriptional 
inactivity  of  embryos  at  this  stage.  A 
high  level  of  tRNA  synthesis  as  well  as 
a  small  amount  of  5S  RNA  is  directed 
by  midblastula  chromatin  (lane  2).  Fin- 
gerprint analysis  of  this  newly  synthe- 
sized 5S  RNA  shows  it  to  be  a  mixture 
of  both  oocyte  and  somatic  5S  RNAs. 
Given  the  50:1  ratio  of  oocyte-to-so- 
matic  5S  RNA  genes  and  the  nearly 
equal  synthesis  of  both  types  of  5S  RNA, 
it  is  clear  that  the  majority  of  oocyte  5S 
RNA  genes  are  repressed  by  this  stage. 

Within  two  cell  divisions  after  mid- 
blastula accompanying  the  onset  of  gas- 
trulation,  only  somatic  5S  RNA  is 
synthesized  from  chromatin  templates 
in  vitro  (lane  3),  thus  completing  the 
inactivation  of  the  oocyte  5S  RNA  genes. 
This  control  is  reproduced  by  transcrib- 
ing chromatin  templates  isolated  from 
late  developmental  stages  (lanes  4  and 
5).  The  general  inactivation  of  the  oo- 
cyte-specific  5S  RNA  genes  in  embryo- 
genesis  correlates  with  the  progressive 
reduction  in  the  amount  of  the  tran- 
scription factor  during  embryogenesis. 

Use  of  DNA  Cellulose  for  the 

Isolation  of  5S  DNA  Transcription 

Complexes 

D.  Setzer 

We  have  demonstrated  previously 
(Year  Book  80)  that  5S  RNA  is  synthe- 
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Fig.  62.  Transcription  of  embryonic  chromatin 
templates  in  oocyte  nuclear  extract.  The  chro- 
matin was  isolated  from  embryos  of  different  stage. 
Lane  1,  late  morula,  stage  8;  lane  2,  mid-blastula, 
stage  9;  lane  3,  gastrula;  lane  4,  neurula;  lane  5, 
swimming  tadpole.  RNA  synthesis  begins  at  stage 
9  in  vivo. 


sized  from  a  DNA  template  assembled 
into  a  complex  that  is  stable  through 
multiple  rounds  of  transcription.  All  of 
the  protein  components  of  the  tran- 
scription complex  have  not  been  iden- 
tified, but  presumably  they  include  the 
5S  DNA-specific  transcription  factor 
(Engelke  et  al.,  Cell,  19,  111,  1980)  and 
RNA  polymerase  III,  both  of  which  are 
required  for  the  transcription  of  5S  RNA 
genes.  The  isolation  of  these  transcrip- 
tion complexes  would  permit  determi- 
nation of  the  parameters  governing  their 
formation  and  stability,  and  would  con- 
stitute a  purification  step  for  isolation 
of  other  factors  required  for  transcrip- 
tion of  5S  RNA  genes.  To  this  end,  we 
have  linked  5S  DNA  to  cellulose  and 
studied  the  ability  of  this  bound  DNA 
to  serve  as  a  template  for  transcription 
and  as  a  substrate  for  the  isolation  of 
intact  transcription  complexes. 

We  have  found  that  circular  or  linear 
double-stranded  DNA  can  be  linked  to 
DBM-cellulose  simply  by  adding  the 
plasmid  DNA  to  a  fresh  DBM-cellulose 
suspension  in  25  mM  Na  citrate,  pH  4.0 
at  4°C.  This  bound  DNA  can  serve  as  a 
template  for  transcription  in  germinal 
vesicle  (GV)  extracts  about  10-30%  as 
efficiently  as  the  same  concentration  of 
circular  pXbsl  in  solution  (Fig.  63). 
Transcription  efficiency  of  the  5S  DNA 
cellulose  is  not  changed  by  linearizing 
the  plasmid  prior  to  its  linkage  to  cel- 
lulose. DNA  cellulose  can  be  rescued  for 
reuse  by  washing  repeatedly  under  con- 
ditions where  only  a  small  fraction  of 
the  template  activity  is  lost.  To  further 
demonstrate  that  the  DNA  serving  as 
a  transcription  template  is  not  a  small 
fraction  being  released  into  solution  from 
the  cellulose  during  the  transcription 
reactions,  the  5S  DNA-cellulose  was 
first  incubated  in  the  GV  extract  for  60 
minutes  and  then  fractionated  into  pel- 
let (cellulose)  and  supernatant  frac- 
tions. Virtually  all  the  template  activity 
remained  with  the  DNA-cellulose, 
demonstrating  that  it  is  the  bound  DNA 
that  serves  as  a  substrate  for  transcrip- 
tion. 
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Fig.  63.  Transcription  of  pXbsl-cellulose. 
pXbsl-cellulose  was  prepared  by  a  modification 
of  the  procedure  of  Goldberg  et  al.  (Methods  in 
Enzymology,  68,  206, 1979).  32P-labeled  RNA  syn- 
thesized in  each  transcription  reaction  was  ana- 
lyzed on  a  10%  polyacrylamide  urea  gel  by  auto- 
radiography. DNA  templates  were  at  a  concen- 
tration of  10  jjLg/ml,  and  transcription  reactions 
were  for  60  min  (a-e)  or  10  min  (f-i). 
(a)  Transcription  of  soluble  pXbsl  in  GV  super- 
nate.  (b)  Transcription  of  pXbsl-cellulose  in  GV 
supernate.  (c)  Transcription  of  pXbsl-cellulose  in 
GV  supernate  after  one  round  of  use  as  a  tran- 
scription template  and  subsequent  repeated 
washes     in     an     SDS-containing     buffer. 

(d)  Transcription  of  the  supernatant  fraction  af- 
ter incubating  pXbsl-cellulose  in  GV  extract  for 
60   min   and   pelleting   the   DNA-cellulose. 

(e)  Transcription  of  pelleted  pXbsl-cellulose  after 
incubation  in  GV  extract  for  60  min.  The  pelleted 
DNA-cellulose  was  resuspended  in  fresh  GV  ex- 
tract, (f)  Transcription  complexes  were  prepared 


We  reasoned  that  transcription  com- 
plexes assembled  on  DNA-cellulose 
might  be  stable  to  extensive  washing 
(to  remove  unbound  components  of  GV 
extract)  because  of  their  resistance  to 
dilution  (Bogenhagen,  Year  Book  80). 
To  test  this,  we  first  assembled  tran- 
scription complexes  on  pXbsl-cellulose 
by  incubation  in  the  GV  extract.  The 
DNA-cellulose  (and  any  bound  pro- 
teins) was  then  pelleted,  washed  exten- 
sively in  transcription  buffer,  and 
resuspended  in  a  small  volume  of  tran- 
scription buffer.  Labeled  ribonucleoside 
triphosphates  were  then  added  after 
various  times  of  incubation  at  20°,  and 
transcription  was  allowed  to  proceed. 
Transcriptionally  active  complexes  re- 
mained associated  with  the  washed 
DNA-cellulose  (Fig.  63).  After  a  period 
of  incubation  in  transcription  buffer, 
however,  transcription  activity  was 
largely  lost,  but  could  be  restored  by 
addition  of  a  partially  purified  RNA  po- 
lymerase III  fraction  (see  Schlissel  and 
Cozzarelli,  this  Report)  to  nearly  the 
level  obtained  with  added  GV  extract. 
This  RNA  polymerase  III  preparation 
cannot  transcribe  5S  RNA  genes  when 
added  to  5S  DNA  alone.  We  believe  this 
demonstrates  that  active  transcription 
complexes  can  be  isolated  (or  highly  en- 
riched) on  DNA-cellulose  substrates, 
and  that  it  is  likely  that  RNA  poly- 
merase III  activity  is  lost  from  the  iso- 
lated complexes  with  a  measurable  half- 
life  in  the  transcription  buffer.  In  this 
regard  these  transcription  complexes 
found  in  vitro  resemble  chromatin. 


by  incubating  pXbsl-cellulose  in  GV  extract,  pel- 
leting, and  washing  in  J  buffer  (Birkenmeier  et 
al,  Cell,  15,  1077,  1978).  Labeled  ribonucleoside 
triphosphates  were  added  to  the  isolated  com- 
plexes in  J  buffer,  (g)  Transcription  complexes 
were  prepared  as  in  (f)  and  were  incubated  45  min 
in  J  buffer  prior  to  addition  of  ribonucleoside  tri- 
phosphates, (h)  Transcription  complexes  were 
prepared  and  incubated  as  in  (g),  but  0.35  units 
of  RNA  polymerase  III  (heparin  agarose  fraction) 
was  added  prior  to  the  addition  of  ribonucleoside 
triphosphates,  (i)  Transcription  complexes  were 
prepared  and  incubated  as  in  (g),  but  were  re- 
suspended in  fresh  GV  extract  rather  than  J  buffer. 
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Binding  of  a  Transcription  Factor 
to  the  5S  RNA  Gene 

D.R.  Smith 

In  Year  Book  80,  S.  Sakonju  reported 
the  results  of  a  detailed  analysis  of  the 
binding  of  the  40-kd  transcription  fac- 
tor using  chemical-modification  studies 
to  determine  the  individual  nucleotides 
in  5S  DNA  that  are  essential  for  bind- 
ing. These  experiments  showed  that  all 
the  essential  contact  points  with  guan- 
ine and  phosphate  moieties  are  located 
within  the  3'  half  of  the  control  region. 
This  correlates  with  the  results  of 
DNAse  I  protection  experiments  (Sak- 
onju et  ah,  Cell,  23,  665,  1981)  and 
quantitative  transcription  assays 
(Wormingtone^a/.,  Cell,  24,  809, 1981), 
which  showed  that  deletions  at  the  3' 
end  of  the  control  region  abolish  bind- 
ing of  the  factor  whereas  deletions  of 
the  5'  end  do  not,  even  though  5'  dele- 
tions inhibit  transcription  initiation. 
These  results  have  led  us  to  consider  a 
model  wherein  the  transcription  factor 
binds  first  to  the  3'  end  of  the  control 
region  and  then  either  "reaches  over" 
to  the  5'  end  or  directs  a  second  mole- 
cule of  factor  to  bind  at  the  5'  end,  which 
in  turn  directs  RNA  polymerase  III  (in 
concert  with  other  factors)  to  initiate 
transcription  of  the  gene. 

In  order  to  test  such  a  model,  we  first 
need  to  know  how  many  factor  mole- 
cules bind  to  the  control  region.  This 
number  has  important  implications  for 
other  questions  as  well,  such  as  how  an 
active  transcription  complex  is  main- 
tained on  each  of  two  daughter  chro- 
mosomes after  DNA  replication. 

We  have  been  able  to  achieve  clean 
separation  of  protein-bound  and  free- 
DNA  fragments  on  low-salt  polyacry- 
lamide  gels  (Fig.  64).  Initially,  we  de- 
cided to  label  radioactively  the 
transcription  factor  and  then  try  to 
quantitate  the  amount  bound  by  scin- 
tillation counting.  We  labeled  the  pro- 
tein (in  the  form  of  7S  particles)  by 
reductive  methylation  with  14C-for- 
maldehyde  without  affecting  its  ability 


Fig.  64.  Separation  of  protein-bound  and  free- 
DNA  fragments  after  interaction  with  the  40-kd 
positive  transcription  factor.  Lane  1  contains  a 
267-base-pair  Hae  III  fragment  from  pBR322,  and 
lane  2  contains  a  250-base-pair  Hind  Ill/Bam  HI 
fragment  from  pXbs201  containing  a  somatic  5S 
gene.  Both  fragments  were  incubated  with  a  five- 
fold molar  excess  of  the  transcription  factor. 


to  bind  to  DNA.  Unfortunately,  the  spe- 
cific activity  obtained  by  this  technique 
was  too  low  to  allow  accurate  quanti- 
tation of  the  bound  protein.  We  have 
succeeded  in  iodinating  the  protein  but 
at  present,  the  ability  of  the  iodinated 
protein  to  bind  to  the  DNA  is  still  in 
question.  The  amount  of  protein  bound 
to  a  DNA  fragment  in  gels  such  as  that 
shown  in  Fig.  64  is  sufficient  to  be  de- 
tected by  silver  staining  on  SDS  gels. 
Preliminary  experiments  have  shown 
that  it  is  feasible  to  extract  the  protein 
out  of  the  DNA  protein  band  and  rerun 
it  on  an  SDS  gel  alongside  a  series  of 
known  amounts  of  factor  and  quanti- 
tate the  amount  present  by  densito- 
metry scans.  (Losses  during  extraction 
can  be  accounted  for  by  using  the  io- 
dinated protein.)  Preliminary  experi- 
ments have  given  a  value  of  between  1 
and  2  molecules/gene,  and  we  are  cur- 
rently engaged  in  improving  the  accu- 
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racy  and  reproducibility  of  the  technique 
to  obtain  a  definitive  answer. 


Accurate  Transcription  of  5S  RNA 

Genes  in  Chromatin  by  Purified 

RNA  Polymerase  III 

M.  Schlissel  and  N.  R .  Cozzarelli 

There  are  three  classes  of  RNA  pol- 
ymerases in  eukaryotic  cells  separable 
by  their  chromatographic  behavior  on 
various  ion  exchange  resin  columns. 
Their  functions  in  crude  cell  extracts 
have  been  studied  by  others  taking  ad- 
vantage of  their  differential  sensitivity 
to  a  toxin,  a-amanitin.  RNA  polymer- 
ase III,  which  transcribes  5S  RNA  genes 
and  tRNA  genes,  is  sensitive  to  mod- 
erate concentrations  of  a-amanitin.  The 
enzyme  exceeds  500,000  daltons  in  mo- 
lecular weight  and  has  at  least  eight 
subunits. 

An  outline  of  our  RNA  polymerase 
III  purification  scheme  follows  (see  Ta- 
ble 4).  Approximately  100  g  of  ovary  (5- 
10  frogs)  are  homogenized  in  a  low-ionic- 
strength  buffer.  Subcellular  debris  and 
non-lysed  cells  are  removed  by  centrif- 
ugation.  Protein  in  the  supernate  is  then 
precipitated  with  ammonium  sulfate, 
resuspended,  and  chromatographed  on 
a  DEAE-Sephacel  column.  The  column 
is  eluted  with  a  salt  gradient,  and  the 
polymerase  peak  fractions  are  pooled 
and  loaded  directly  onto  a  heparin-Se- 
pharose  column.  The  eluted  peak  from 


the  heparin  column  is  dialyzed  to  lower 
ionic  strength  and  loaded  onto  a  DEAE- 
Sephadex  column,  which  resolves  the 
polymerase  activity  into  two  peaks  cor- 
responding to  RNA  polymerase  I  and 
III.  The  polymerase  III  peak  is  concen- 
trated on  a  phosphocellulose  column  and 
then  banded  through  a  sucrose  gra- 
dient. The  final  product  is  greater  than 
95%  pure,  as  assayed  by  SDS-gel  elec- 
trophoresis, and  has  a  specific  activity 
of  300  units/|xg. 

Wormington  (Year  Book  80)  had 
demonstrated  that  chromatin  from  so- 
matic cells  serves  as  a  template  for  in 
vitro  transcription  in  the  GV  extract. 
In  this  Report  he  demonstrates  that  this 
crude  extract  depleted  of  the  5S  gene- 
specific  factor  still  supports  the  tran- 
scription of  somatic  5S  genes  from  chro- 
matin. Using  purified  polymerase  III, 
we  extended  the  characterization  of 
chromatin  as  a  transcription  template 
by  showing  that  the  pure  enzyme  is  suf- 
ficient to  transcribe  5S  RNA  genes  from 
a  chromatin  template.  Figure  65  com- 
pares the  products  of  in  vitro  transcrip- 
tion of  Xenopus  erythrocyte  nuclei 
synthesized  by  equivalent  amounts  of 
purified  RNA  polymerase  III  and  en- 
zyme present  in  GV  extracts  capable  of 
transcribing  5S  RNA  genes.  These  ex- 
periments demonstrate  that  factors  sta- 
bly bound  to  DNA  in  somatic  cell 
chromatin  direct  RNA  polymerase  III 
to  the  correct  initiation  site  on  5S  RNA 
genes. 


TABLE  4.  The  Purification  of  RNA  Polymerase  III  from  Xenopus  Ovaries 


RNA 

Purification 

Total 

Polymerase  III 

Yield 

Specific 

Step 

Protein 

Units* 

Total 

Activityt 

1.  F4 

900  mg 

170,000 

100% 

0.2 

2.  DEAE  Sephacel 

88 

160,000 

96 

1.8 

3.  Heparin  Sepharose 

7.6 

78,000 

46 

10 

4.  DEAE  Sephadex 

0.6 

40,000 

24 

67 

5.  Phosphocellulose 

0.22 

31,000 

18 

140 

6.  Sucrose  Gradient 

0.07 

21,000 

12 

300 

*One  unit  of  RNA  polymerase  is  defined  as  the  amount  of  enzyme  that  incorporates  1  pmole  of 
UTP  into  RNA  in  20  min  at  30°C 
tin  units/fig. 
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Fig.  65.  Products  of  in  vitro  transcription  re- 
actions separated  by  polyacrylamide/urea  gel 
electrophoresis.  Each  reaction  contained  50,000 
erythrocyte  nuclei  and,  lane  1,  no  enzyme;  lane 
2,  GV  extract  containing  5  units  RNA  polymerase 
III;  lane  3,  GV  extract  containing  25  units  RNA 
polymerase  III;  lane  4,  5  units  of  purified  RNA 
polymerase  III;  lane  5,  25  units  of  purified  RNA 
polymerase  III.  Lane  6  contains  5S  RNA  and  tRNA 
markers. 


Purified  RNA  Polymerase  III 
Accurately  Terminates  But  Does 

Not  Accurately  Initiate 
Transcription  of  5S  RNA  Genes 

N.  R.  Cozzarelli  and  D.  D.  Brown 

We  wished  to  determine  whether 
purified  RNA  polymerase  III  can  rec- 
ognize the  start  or  stop  signals  for  a  5S 
RNA  gene  in  the  absence  of  additional 
factors.  A  control  region  in  the  middle 
of  the  5S  RNA  gene  is  known  to  be  rec- 
ognized by  a  positive  transcription  fac- 
tor (see  Year  Book  78).  This  factor  along 
with  two  or  more  other  "factors"  guide 
RNA  polymerase  III  to  initiate  RNA 
synthesis  at  the  first  nucleotide  of  the 
gene.  We  designed  a  hybridization  as- 
say system  that  would  detect  even  a 
very  low  level  of  correct  transcription 
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initiation  by  the  purified  polymerase. 
We  also  know  that  a  simple  DNA  se- 
quence at  the  end  of  the  gene  signals 
the  termination  of  RNA  transcription 
(see  Year  Book  79).  A  similar  hybrid- 
ization assay  was  used  to  detect  even 
very  rare  RNA  molecules  that  were  ter- 
minated faithfully  at  the  end  of  the  gene. 

The  initiation  and  termination  as- 
says employ  either  intact  5S  RNA  genes 
or  fragments  of  these  genes  cloned  in 
the  single-stranded  phage  M13.  The 
coding  strand  of  5S  DNA  is  immobilized 
on  a  nitrocellulose  filter  and  hybridized 
with  the  radioactive  RNA  transcribed 
from  the  appropriate  plasmid  contain- 
ing the  5S  DNA  template.  For  the  ini- 
tiation assay,  the  5S  DNA  template 
contained  the  5'  flanking  region  and 
the  first  98  bases  of  the  gene  cloned  in 
the  plasmid  vector  pBR322.  This  trun- 
cated 5S  RNA  gene  is  initiated  faith- 
fully when  it  is  transcribed  in  the  GV 
extract.  The  transcripts  are  hybridized 
to  the  single-stranded  DNA.  We  re- 
moved the  unhybridized  RNA  by  diges- 
tion with  RNAase  T1}  and  the  labeled 
RNA  in  the  hybrid  was  purified  and 
analyzed  by  polyacrylamide  gel  elec- 
trophoresis. Figure  66  shows  the  result 
of  one  such  experiment.  The  control 
transcription  using  GV  extract  gave  a 
very  strong  band  of  labeled  RNA  that 
had  initiated  accurately.  This  discrete 
RNA  was  formed  by  accurate  initiation 
of  transcription  at  its  5'  end  and  diges- 
tion by  RNAase  Tx  at  its  3'  end.  Puri- 
fied RNA  polymerase  III  gave  no 
detectable  accurate  initiation  events 
even  in  the  presence  of  the  purified  40- 
kd  transcription  factor.  If  one  RNA 
transcript  in  104  had  been  initiated 
faithfully  it  would  have  been  detected 
by  this  assay. 

Termination  was  analyzed  by  a  sim- 
ilar hybridization  assay,  which  used  a 
cloned  fragment  of  5S  DNA  that  con- 
tained the  end  of  the  gene  and  the  re- 
gion flanking  it  at  its  3'  end.  Figure  67 
shows  that  in  contrast  to  the  results 
obtained  with  the  initiation  assay,  at 
least  some  RNA  transcribed  by  purified 
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terminates  efficiently.  This  was  tested 
with  a  X.  laevis  oocyte-specific  5S  RNA 
gene  known  to  have  weak  termination 
sites  (Bogenhagen  and  Brown,  Cell,  24, 
261,  1981).  Transcription  of  this  gene 
by  the  crude  extract  terminates  with 
about  equal  efficiency  at  each  of  the 
three  termination  sites.  Hybridization 
of  these  transcripts  to  a  fragment  of  the 
coding  strand  in  Ml 3  gave  a  series  of 
bands  reproducibly  (Fig.  67).  The  tran- 
scripts synthesized  by  the  pure  poly- 
merase, hybridized  to  the  same  single- 
stranded  fragment,  and  digested  with 
RNAase  T1  gave  an  identical  array  of 
bands.  We  conclude  that  the  purified 
enzyme  terminates  transcription  with 
the  same  efficiency  as  the  crude  GV  ex- 
tract. This  suggests  to  us  that  the  in- 
formation for  accurate  and  efficient 
termination  resides  in  the  ability  of  RNA 
polymerase  III  to  identify  a  simple  nu- 
cleotide sequence  in  the  DNA. 


Fig.  66.  Initiation  of  transcription  by  purified 
RNA  polymerase  III.  Transcripts  from  a  partly 
deleted  5S  RNA  gene  (pXbs  A3'98)  were  hybrid- 
ized with  the  coding  strand  of  pXbsl,  cloned  in 
M13  and  digested  with  RNAase  Tlt  and  the  hy- 
brid molecules  were  electrophoresed  on  a  poly- 
acrylamide/urea  gel.  The  different  extracts  or  pure 
enzyme  preparations  that  were  used:  lane  1,  GV 
extract;  lane  2,  GV  extract  deleted  of  the  40-kd 
factor  by  a  specific  antibody;  lane  3,  as  in  2  but 
factor  added  back;  lane  4,  purified  RNA  poly- 
merase III;  lane  5,  purified  RNA  polymerase  plus 
factor;  lane  6,  purified  RNA  polymerase  III  plus 
factor  at  low  Mg+  +  concentration. 


RNA  polymerase  III  terminated  pre- 
cisely at  the  end  of  the  gene.  The  tran- 
scription factor  does  not  influence  this 
reaction.  We  then  asked  whether  tran- 
scription by  the  purified  polymerase 


An  Assay  System  for  the  Control 

of  Oocyte  and  Somatic  5S  RNA 

Genes 

D.  D.  Brown  and  E.  Jordan 

A  major  goal  for  our  research  on  5S 
ribosomal  RNA  genes  is  to  determine 
the  molecular  basis  of  the  control  mech- 
anism that  permits  active  transcription 
of  oocyte-specific  5S  RNA  genes  in  ooc- 
ytes, inactivates  them  at  meiosis,  and 
then  establishes  the  "somatic"  regula- 
tion where  the  somatic  5S  RNA  genes 
account  for  more  than  95%  of  5S  RNA 
synthesis  in  somatic  cells.  RNA  syn- 
thesis, including  5S  RNA,  first  occurs 
in  embryos  at  the  4,000—8,000  cell  stage. 
Newport  and  Kirschner  (Cell,  in  press) 
refer  to  this  period  as  the  "midblastula 
transition"  (MBT).  We  have  shown  that 
the  first  5S  RNA  synthesized  is  about 
equal  parts  of  oocyte  and  somatic  5S 
RNA  {Year  Book  80,  pp.  216-217). 
Therefore  the  complete  somatic  control 
is  established  gradually  over  several 
subsequent  cell  divisions.  Kirschner  and 
his  colleagues  have  developed  a  useful 
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Fig.  67.  Termination  of  transcription  by  pur- 
ified RNA  polymerase  III.  Transcripts  from  a  gene 
with  a  strong  terminator  (lanes  1-4,  pXbsl  A5'- 
47L)  or  two  weak  terminators  followed  by  a  strong 
one  (lanes  5-8,  pXlo313).  A  fraction  of  each  re- 
action was  electrophoresed  directly,  the  remain- 
der was  hybridized  to  an  appropriate  Ml 3  clone 
of  coding  sequence  of  a  5S  RNA  gene,  the  hybrid 
digested  with  RNAase  T^  and  the  hybrids  elec- 
trophoresed in  a  lane  adjacent  to  the  total  RNA 
transcripts.  Lanes  1,  3,  5,  and  7  are  total  RNA; 
lanes  2,  4,  6,  and  8  are  hybrids.  The  different 
extracts  or  enzyme  preparations  used  are  1,  2,  5, 
and  6  GV  extract;  3,  4,  7,  and  8  purified  RNA 
polymerase  III.  Lane  9  contains  5S  RNA  and  tRNA 
markers. 


method  for  studying  the  MBT  and  for 
introducing  foreign  genes  and  radio- 
active precursors  into  the  embryo  dur- 
ing this  first  cleavage  period. 
Centrifugation  of  a  fertilized  egg  just 
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before  first  cleavage  destroys  its  ability 
to  cleave  without  stopping  DNA  syn- 
thesis. The  embryo  becomes  a  syncy- 
tium of  nuclei,  which  he  terms 
"coenocytic."  The  RNA  synthesis  occurs 
on  schedule  in  coenocytic  embryos  at 
the  time  that  normal  embryos  have 
reached  4000  cells.  DNA  and  radioac- 
tive precursors  can  be  introduced  at  any 
time  into  these  coenocytic  embryos. 
When  small  amounts  of  5S  RNA  genes 
in  recombinant  form  are  injected  in  early 
cleaving  embryos,  they  are  repressed 
and  never  transcribed.  Some  limited 
replication  or  DNA  repair  occurs.  Larger 
amounts  of  injected  DNA  are  tran- 
scribed actively  into  5S  RNA.  We  have 
injected  mixtures  of  varying  amounts 
of  cloned  oocyte  and  somatic  5S  RNA 
genes,  and  measured  the  amounts  of 
transcripts  from  the  two  kinds  of  genes. 
Table  5  summarizes  the  results  and 
compares  the  relative  transcription  ef- 
ficiency with  that  obtained  with  GV  ex- 
tracts. There  is  a  bias  toward  the 
transcription  of  the  injected  somatic  5S 
DNA  compared  to  the  oocyte  5S  DNA 
that  resembles  the  ratio  of  transcripts 
seen  in  vivo  at  the  MBT.  The  injection 
of  a  50:1  ratio  of  oocyte:somatic  5S  DNA 
results  in  the  synthesis  of  about  equal 
amounts  of  the  two  kinds  of  5S  RNA. 
This  approximation  to  the  in  vivo  pat- 
tern of  synthesis  will  enable  us  to  de- 


TABLE  5.  Relative  Transcription  of  a  Somatic 

and  an  Oocyte  5S  RNA  Gene  Injected  into 

Coenocytic  Xenopus  Embryos  Compared  with 

the  Same  Mixtures  Transcribed  in  GV  Extract* 


Ratio  of  Somatic 

5S  RNA  to 

Oocyte  5S  RNA 

Ratio  of  Somatic  5S  DNA 

Coenocytic        GV 

to  Oocyte  5S  DNA 

embryo        extract 

1/2 

28               1.5 

1/4 

16               0.5 

1/10 

4               0.2 

1/20 

3               0.08 

1/50 

1.3            0.06 

*32P-labeled  transcripts  of  the  two  genes  were 
distinguished  by  their  electrophoretic  mobility  on 
a  polyacrylamide  gel. 
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termine  the  exact  DNA  sequences  in 
and  around  the  genes  that  account  for 
the  discrimination  between  oocyte  and 
somatic  5S  RNA  in  vivo. 


Construction  of  a  Synthetic 

Oligonucleotide  Probe  for  the  5S- 

Specific  Transcription  Factor 

Gene 

/.  J.  Jackson,  in  collaboration  with  M. 
Hunkapillar,  M.  Bond,  L.  Hood,  and  A.  Kumar 

Using  antiserum  prepared  against  the 
40-kd  purified  5S  RNA  gene-specific 
transcription  factor,  it  has  been  possi- 
ble to  immunoprecipitate  newly  syn- 
thesized factor  from  ovaries  that  were 
pulse-labeled  with  radioactive  amino 
acids.  However,  the  antisera  do  not  spe- 
cifically precipitate  any  in  vitro  trans- 
lation products  of  poly  A+  RNA 
prepared  from  these  same-stage  ova- 
ries. It  is  not,  therefore,  feasible  to  use 
"classical"  methods  for  the  isolation  of 
the  gene  encoding  the  transcription  fac- 
tor, based  on  in  vitro  translation  as  an 
assay  of  the  coding  potential  of  any 
cDNA  containing  recombinant  plas- 
mid.  Instead,  we  have  pursued  a  more 
direct,  "high-technology"  approach  to- 
wards isolating  the  gene.  In  essence  this 
has  involved  determining  a  partial  pro- 
tein sequence  of  the  factor.  From  the 
predicted  codons  a  short  DNA  fragment 
complementary  to  the  mRNA  has  been 
synthesized  chemically. 

Our  initial  studies  revealed  that  the 
N-terminal  amino  acid  of  the  factor  was 
blocked.  We  therefore  cleaved  the  pro- 
tein with  cyanogen  bromide,  which  hy- 
drolyzes  peptide  bonds  that  are  C- 
terminal  to  methionine  residues.  The 
methionine  is  converted  to  homoserine- 
lactone  and  is  left  at  the  C  termini  of 
the  cleaved  products.  The  products  of 
the  cleavage  reaction  were  electro- 
phoresed  on  a  gradient  polyacrylamide 
gel  and  stained  (Fig.  68).  From  a  con- 
sideration of  the  sizes  of  the  peptides 
compared  to  the  uncleaved  protein,  and 
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Fig.  68.  Cyanogen  bromide  cleavage  of  the  5S- 
specific  transcription  factor.  Upper  panel:  poly- 
acrylamide gel  electrophoresis  separation  of  the 
cleavage  products.  Molecular  weights  are  shown 
at  right.  I:  intact,  uncleaved  protein.  CBPA,  CBPB: 
partial  cleavage  products.  CB1-3:  complete 
cleavage  products.  Lower  panel:  peptide  map  of 
the  protein,  indicating  the  fragments  seen  on  the 
gel.  Note  that  orientation  with  respect  to  the  NH2 
or  C00H  termini  is  not  known,  m:  methionine 
residue. 
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of  the  relative  intensities  of  the  bands, 
a  peptide  map  was  constructed.  This  map 
is  based  on  the  observation  that  there 
are  apparently  three  cyanogen  bromide 
peptides  whose  sizes  sum  to  the  intact 
protein  molecular  weight,  and  two  par- 
tial cleavage  products  whose  sizes  are 
the  sum  of  two  pairs  of  total  cleavage 
peptides.  The  peptide  map  is  shown  in 
Fig.  68.  These  experiments  did  not  as- 
certain whether  the  N  terminus  of  the 
intact  protein  is  on  peptide  CB2  or  CB3. 
Therefore,  to  ensure  that  the  peptide 
chosen  for  sequencing  had  an  un- 
blocked end,  the  peptide  CB1  was  se- 
lected for  sequence  determination.  The 
band  CB1  was  cut  out  from  the  gel,  and 
the  peptide  was  eluted  by  electropho- 
resis. After  alkylation  of  the  cysteine 
residue  side  chains,  the  peptide  was 
subjected  to  sequence  determination 
(with  the  assistance  of  Drs.  Martha  Bond 
and  Michael  Hunkapillar  in  Leroy 
Hood's  laboratory  in  the  Division  of  Bi- 
ology, California  Institute  of  Technol- 
ogy). A  sequence  of  35  amino  acids  was 
obtained,  the  N-terminal  six  of  which 
are  shown  in  Fig.  69.  The  methionine 
is  not  found  directly  by  sequencing,  but 
its  presence  is  assumed  by  the  occur- 
rence of  the  cyanogen  bromide  cleavage 
site. 

Knowledge  of  the  genetic  code  pre- 
dicts the  RNA  sequence  that  will  en- 
code the  protein  sequence  (see  line  3, 
Fig.  68).  As  the  code  is  degenerate,  there 
are  several  possible  bases  at  the  third 
position  of  all  the  codons  except  methi- 
onine. The  sequence  of  a  17-base  oli- 
godeoxynucleotide  which  will  have 
complementarity  to  the  factor  mRNA 
is  shown  on  line  C  of  Fig.  69.  This  com- 
pound was  chemically  synthesized  by 
Dr.  Ashok  Kumar  of  Biosystems  Inc., 
of  San  Francisco.  The  method  used  for 
the  synthesis  involves  sequential  ad- 
dition of  each  base  to  a  solid  support  in 
a  3'  to  5'  direction.  This  method  allowed 
simultaneous  synthesis  of  a  mixture  of 
all  32  different  sequences  in  Fig.  69. 
One  of  these  32  sequences  will  have 
perfect  complementarity,  and  the  oth- 
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Fig.  69.  Partial  sequence  of  the  5S-specific 
transcription  factor.  (A)  N-terminal  sequence  of 
fragment  CB1.  (B)  Deduced  mRNA  sequence  en- 
coding this  protein  sequence.  (C)  DNA  17-mer 
complementary  to  the  mRNA,  and  synthesized 
for  use  as  a  probe.  All  alternative  bases  are  shown 
at  the  four  ambiguous  positions,  and  all  32  al- 
ternatives were  synthesized. 


ers  will  have  15  or  16  out  of  17  bases 
homologous  to  the  factor  gene. 

These  oligonucleotides  are  being  used 
as  probes  to  detect  mRNA  for  the  factor 
and  to  isolate  the  factor  gene  from  a 
library  of  Xenopus  gene  sequences. 


Construction  of  a  Recombinant 

Plasmid  Bank  Containing  cDNA 

Clones  from  the  Immature  Ovary 

of  Xenopus 

/.  J.  Jackson 

A  probe  homologous  to  the  gene  and 
mRNA  coding  for  the  5S-specific  tran- 
scription factor  will  prove  useful  for 
studies  of  the  coordinate  regulation  of 
this  factor  with  the  5S  RNA  gene  fam- 
ilies with  which  it  interacts. 

With  a  view  toward  isolating  a  cDNA 
complementary  to  the  5S  factor  mRNA, 
a  bank  of  cDNA  sequences  has  been 
constructed  as  recombinants  in  the 
plasmid  vector  pAT153.  Cytoplasmic 
poly  A +  (messenger)  RNA  from  im- 
mature ovaries  was  copied  into  single- 
stranded  cDNA  using  AMV  reverse 
transcriptase  with  oligo-dT  to  prime  the 
synthesis.  After  removal  of  the  RNA  by 
hydrolysis,  the  second  strand  was  syn- 
thesized by  "self-priming"  and  addition 
of  E.  coli  DNA  polymerase.  The  ends  of 
the  double-stranded  molecule  were 


224 


CARNEGIE    INSTITUTION 


trimmed  with  SI,  and  "tails"  of  poly  dC 
were  added  using  calf-thymus  terminal 
deoxynucleotide  transferase.  This  cDNA 
was  annealed  to  poly  dG  "tailed"  plas- 
mid  vector  and  transformed  into  the  E. 
coli  host  strain  MC1061.  Approxi- 
mately 3200  transformants  were  ob- 
tained, of  which  about  2500  contained 
cDNA  inserts. 

The  bank  has  been  screened  for  actin- 
specific  sequences  using  a  Drosophila 
actin  probe,  a  gift  of  Dr.  Eric  Fyrberg. 
Several  actin  sequences  have  been  iso- 


lated. Using  these  cDNAs  as  radioac- 
tive probes,  the  mRNA  from  which  the 
bank  was  constructed  has  been  exam- 
ined after  gel  electrophoresis  and  trans- 
fer to  nitrocellulose.  The  actin  mRNA 
sequences  were  found  to  be  mainly  in- 
tact. There  is  a  major  species  of  about 
1800  nucleotides  and  a  minor  species 
(comprising  less  than  5%  of  the  total) 
about  2300  nucleotides  long.  Although 
it  is  of  somewhat  limited  size,  this  bank 
should  prove  useful  for  the  isolation  of 
other  oocyte  mRNA  sequences. 


THE   COLLECTION  OF  HUMAN  EMBRYOS 

Ronan  O'Rahilly 


The  embryological  collections,  both 
human  and  comparative,  are  housed  at 
the  University  of  California,  Davis,  and 
all  inquiries,  as  well  as  requests  for  per- 
mission for  publication,  should  be  ad- 
dressed to  Professor  R.  O'Rahilly, 
Carnegie  Laboratories  of  Embryology, 
University  of  California,  Davis,  Cali- 
fornia 95616. 

Developmental  Stages  in  Human 
Embryos 

The  revision  of  stages  10  to  23  is  being 
pursued  by  O'Rahilly  and  Miiller,  who 
are  concentrating  at  present  on  the  ner- 
vous system  and  its  skeletal  coverings. 
Related  to  this,  an  investigation  of  the 
early  development  of  the  notochord  has 
been  begun. 

Development  of  the  Nervous 
System 

The  project  on  the  developmental 
neurobiology  of  primates  has  been  fur- 
thered by  a  detailed  study  of  the  very 
early  nervous  system  in  stage  8  (18 
days),  published  recently  by  O'Rahilly 
and  Miiller.  Eleven  embryos  of  this  one 
stage,  including  a  set  of  twins,  were  in- 
vestigated, and  graphic  reconstructions 


were  prepared.  This  is  the  first  report 
based  on  more  than  two  specimens 
(which  thereby  allowed  an  assessment 
of  variation  to  be  made),  and  it  is  also 
the  first  account  of  embryos  of  excellent 
histological  quality  at  this  developmen- 
tal stage.  Detailed  measurements  of  the 
embryos  were  provided.  It  was  found 
that  the  neural  groove,  which  is  the  first 
morphological  manifestation  of  the  ner- 
vous system,  is  present  in  one-quarter 
of  embryos  at  stage  8.  The  neural  folds 
are  very  largely  cerebral  rather  than 
spinal  at  this  time.  Correlations  with 
other  developmental  features  suggest 
that  the  neural  groove  is  seen  only  when 
a  certain  degree  of  size  and  maturity 
has  been  reached  by  embryos  of  this 
important  stage. 

Continued  collaboration  with  Profes- 
sor W.  Wozniak  (Poznah)  on  the  fine 
structure  of  the  developing  peripheral 
nervous  system  has  resulted  in  publi- 
cations on  the  myelination  of  the  vagus 
and  phrenic  nerves. 

Professor  J.  Bossy  (Nimes),  as  a  re- 
sult of  his  visit  to  the  collection  in  1979- 
1980,  has  published  an  article  on  the 
sequential  innervation  of  the  intestinal 
loop. 

The  study  of  the  growth  of  the  em- 
bryonic brain  by  Drs.  M.  E.  Desmond 
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(Villanova)  and  R.  O'Rahilly  has  been 
published. 

The  Developing  Skeletal  System 

Detailed  studies  of  the  embryonic 
vertebral  column  are  being  continued 
by  Drs.  O'Rahilly,  Muller,  and  David 
B.  Meyer  (Detroit).  An  investigation  of 
the  occipitocervial  region  at  stage  23  (8 
weeks)  has  been  undertaken,  and  pre- 
cise, graphic  reconstructions  of  each  in- 
dividual vertebra  have  been  made. 

At  the  end  of  the  embryonic  period 
proper,  a  typical  vertebra  is  a  U-shaped 
piece  of  cartilage  characterized  by  spina 
bifida  occulta.  The  notochord  ascends 
through  the  centra  and  leaves  the  dens 
to  enter  the  basal  plate  of  the  skull.  The 
median  column  of  the  axis  comprises 
three  parts  (designated  X,  Y,  Z),  which 
persist  well  into  the  fetal  period.  They 
are  related  to  cervical  nerves  1,  2,  and 
3,  respectively.  Part  X  may  project  into 
the  foramen  magnum  and  form  an  oc- 
cipito-axial  joint.  Part  Z  appears  to  be 
the  centrum  of  the  axis.  It  is  no  longer 
to  be  assumed  that  the  dens  represents 
a  portion  of  the  first  cervical  vertebra. 

The  articular  columns  of  the  cervical 
vertebrae  are  twofold,  as  in  the  adult: 
an  anterior  (atlanto-occipital  and  at- 
lantoaxial) and  a  posterior  (from  the 
lower  aspect  of  the  axis  downwards). 
Alar  and  transverse  ligaments  are 
present.  Cavitation  was  not  found  in 
the  embryonic  period  in  either  the  at- 
lanto-occipital or  zygapophysial  joints, 
and  is  generally  not  present  in  the  me- 
dian atlanto-axial  joint  either. 

Most  of  the  transverse  processes  ex- 


hibit anterior  and  posterior  tubercles. 
An  "intertubercular  lamella"  may  or 
may  not  be  present;  i.e.,  the  foramina 
transversaria  are  being  formed  around 
the  vertebral  artery. 

The  spinal  ganglia  are  generally 
partly  in  the  vertebral  canal  and  partly 
on  the  neural  arches,  medial  to  the  ar- 
ticular processes.  During  the  fetal  pe- 
riod, the  articular  processes  shift  to  a 
coronal  position,  and  this  alteration  ap- 
pears to  be  associated  with  a  corre- 
sponding change  in  the  location  of  the 
spinal  ganglia. 

Other  Organs 

An  account  of  the  musculature  and 
innervation  of  the  larynx  at  stage  23  (8 
weeks)  has  been  published  by  Drs. 
Muller,  O'Rahilly,  and  John  A.  Tucker 
(Philadelphia).  A  study  of  the  laryngeal 
cavity  has  been  begun. 

Visitors 

Visitors  who  studied  the  collection 
included  Drs.  Hans  W.  Denker  (Aachen), 
Virginia  M.  Diewert  (Vancouver),  Xav- 
ier  Dor  (Paris),  Jean  L.  Fourcroy  (Be- 
thesda),  Grover  M.  Hutchins 
(Baltimore),  David  B.  Meyer  (Detroit), 
G.  William  Moore  (Baltimore),  John  A. 
Tucker  (Philadelphia),  and  H.  Zaw-Tun 
(Edmonton). 

Staff  Award 

Dr.  Ronan  O'Rahilly  received  the  de- 
gree of  Doctor  honoris  causa  at  the  Uni- 
versity of  Montpellier  in  June  1982. 


STAFF  ACTIVITIES 


Staff  Members  and  fellows  partici- 
pated as  chairpersons  and/or  speakers 
at  the  following  conferences  and  sym- 
posia: Gordon  Research  Conferences  on 
Developmental  Biology,  Lipid  Metab- 
olism, Ion  Transport,  Nucleic  Acids,  Li- 


posomes, Animal  Cells  and  Viruses, 
Biological  Regulatory  Mechanisms, 
Chromatin,  and  Immunology;  Society 
for  Developmental  Biology;  EMBO 
Workshop  on  Drosophila  Molecular  Bi- 
ology; National  Drosophila  Meetings; 
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Staedler  Genetics  Symposium;  Tenovus 
Symposium;  Society  for  Neurosciences; 
Muscle  Development  Conference  at  Cold 
Spring  Harbor;  Society  of  Nematology; 
Neurobiology  of  the  Leech;  Dahlem 
Conference  on  Regeneration  in  the  Ner- 
vous System;  George  Washington  Uni- 
versity Symposium  on  Gene  Regulation; 
American  Society  for  Cell  Biology;  Cold 
Spring  Harbor  Symposium  on  Quanti- 
tative Biology;  CETUS-UCLA  Sympos- 
ium on  Gene  Regulation;  FASEB 
Conference  on  Antibody  Networks; 
Beltsville  Symposium  on  Genetic  En- 
gineering, Applications  to  Agriculture; 
Banburg  Conference  on  Gene  Amplifi- 
cation; Second  Annual  Congress  on  Re- 
combinant DNA;  International  Society 
of  Developmental  Biology  in  Basel;  In- 
ternational Society  of  Oncofetal  Devel- 
opment; International  Workshop  on  the 
Biological  Applications  of  Photobleach- 
ing  Techniques;  Marquette  Symposium 
on  Gene  Regulation;  M.  D.  Anderson 
Cancer  Symposium;  and  the  Wesleyan 
Sesquicentennial  Symposium. 

Lectures  were  given  at  University  of 
Florida  at  Tallahassee,  Worcester 
Foundation,  Walter  Reed  Army  Medi- 
cal Center,  National  Institutes  of  Health, 
Institute  for  Basic  Research  in  Devel- 
opmental Disabilities,  Baltimore- 
Washington  Membrane  Club,  Univer- 
sity of  Chicago,  La  Jolla  Cancer  Re- 
search Foundation,  University  of 
Connecticut,  University  of  Maryland 
School  of  Medicine,  University  of  Col- 
orado, Northwestern  University,  Uni- 
versity of  California  at  San  Diego, 
University  of  California  at  San  Fran- 
cisco, University  of  California  at  Los 
Angeles,  University  of  California  at 
Berkeley,  California  Institute  of  Tech- 
nology, Salk  Institute,  Stanford  Uni- 
versity, Harvard  University,  Rockefeller 
University,  Columbia  University  and 
its  College  of  Physicians  and  Surgeons, 
University  of  North  Carolina,  Catholic 
University,  University  of  Vermont,  Case 
Western  Reserve  University,  George- 
town University,  Woods  Hole  Embryol- 
ogy Course,  University  of  Connecticut 


Medical  Center,  University  of  Utah, 
Syracuse  University,  The  Hebrew  Uni- 
versity of  Jerusalem,  Cold  Spring  Har- 
bor, Princeton  University,  Brandeis 
University,  University  of  Michigan, 
University  of  Kansas,  University  of 
Virginia,  Basel  Institute  of  Immunol- 
ogy, Johns  Hopkins  University  and 
Johns  Hopkins  Medical  School,  Yale 
University,  University  of  Minnesota, 
Brown  University,  Frederick  Cancer 
Research  Center,  New  Jersey  College 
of  Medicine,  Baylor  University  School 
of  Medicine,  Tufts  University,  and  Mas- 
sachusetts Institute  of  Technology. 

Members  of  the  staff  served  on  the 
GENET  Executive  Committee  of  the 
Biotechnology  Research  Resources  Pro- 
gram, National  Institutes  of  Health; 
Council  of  the  Society  of  General  Phys- 
iologists; the  Molecular  Cytology  Study 
Section,  National  Institutes  of  Health; 
National  Institutes  of  Health  Recom- 
binant DNA  Advisory  Committee;  the 
Editoral  Boards  of  Gene,  Journal  of 
Neuroscience  Methods,  Developmental 
Neuroscience,  Developmental  Brain  Re- 
search, and  Developmental  Biology .  Ad- 
ditional consulting  activities  included 
service  on  the  Advisory  Boards  of  the 
Searle  Scholars  Program,  the  Roche  In- 
stitute of  Molecular  Biology  (chair- 
man), the  Life  Sciences  Research 
Foundation  (president),  the  Biology 
(chairman)  and  Molecular  Biology  De- 
partments of  Harvard  University;  the 
Centre  de  Genetique  Moleculaire  of  the 
CNRS,  Gif-sur-Yvette,  and  the  Depart- 
ment of  Biochemistry,  Princeton  Uni- 
versity. 

Seminars 

The  Department  offers  at  least  two 
seminars  each  week,  one  of  them  usu- 
ally presented  by  a  scientist  from  out- 
side the  Department.  This  year,  ten 
invited  speakers  from  the  Baltimore 
scientific  community  lectured.  The  fifth 
annual  Mini-Symposium  was  entitled 
"Intracellular  Targeting  of  Proteins  in 
Eukaryotic  Cells."  The  five  principal 
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speakers  were  George  Palade,  Yale 
University;  Gunther  Blobel,  Rockefel- 
ler University;  Elizabeth  Neufeld,  Na- 
tional Institutes  of  Health;  James 
Rothman,  Stanford  University;  and 
Raymond  Lasek,  Case  Western  Reserve 
University.  The  following  visitors  spoke 
on  occasions  other  than  the  Mini-Sym- 
posium: Alok  Bandy,  National  Insti- 
tutes of  Health;  Joe  Giam,  Uniformed 
Services;  Steve  McKnight,  Hutchinson 
Center  Research  Center;  Carl  Parker, 
Karl  Fryxell,  and  Leroy  Hood,  Califor- 
nia Institute  of  Technology;  Rick  Firtel, 
University  of  California  at  San  Diego; 
Ray  Keller  and  Randy  Schekman,  Uni- 
versity of  California  at  Berkeley;  David 
Stern,  Salk  Institute;  Susan  Golden, 
University  of  Missouri;  Barbara  Zehn- 
bauer,  University  of  Wisconsin;  Kent 


Vrana,  Louisiana  State  University; 
Terry  Rosenberry,  Case  Western  Re- 
serve University;  Bill  Saidler  and  Prem 
Das,  Georgetown  University;  George 
Baran,  University  of  Virginia;  Hanh 
Nguyen,  Albert  Einstein  Medical  School; 
Karen  Smith,  Rockefeller  University; 
Sheryl  Scott,  State  University  of  New 
York;  Michael  Katz,  Brown  University; 
Jim  Haber,  Brandeis  University;  Bruce 
Kohorn  and  Steve  Mount,  Yale  Uni- 
versity; Richard  Losick,  Harvard  Uni- 
versity; Randy  Reed,  Harvard 
University  Medical  School;  Yasumi 
Oshima,  University  of  Tsukuba;  Hans 
Hofsteder,  Institute  for  Molecular  Bi- 
ology, Zurich;  Kay  Kavias,  St.  Mary's, 
London;  Eugenia  Del  Pino,  Quito,  Ec- 
uador. 
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COMMENTARY  AND  OVERVIEW  OF  THE   DIRECTOR 


The  phenomenal  rise  in  the  number 
of  sophisticated  measuring  devices  in 
recent  years  has  led  to  many  opportun- 
ities in  the  earth  sciences.  There  has 
been  not  only  an  increase  in  precision 
and  accuracy  of  measurement  of  the 
known  principal  physical  and  chemical 
parameters  but  also  an  extension  of 
techniques  for  quantitative  evaluation 
of  properties  hitherto  inaccessible  to  the 
geologist.  Areas  that  appear  to  hold  the 
most  promise  of  fundamental  discov- 
eries having  broad  application  to  crit- 
ical earth  science  problems  include  (1) 
the  high-pressure  and  high-tempera- 
ture stability  of  materials  believed  to 
exist  in  the  mantle  and  core,  (2)  the 
spectral  properties  of  these  materials, 
and  (3)  the  stable  isotopes  of  the  more 
volatile  constituents  (S,  C,  H,  O,  N), 
singly  and  in  combination,  of  the  earth's 
organic  and  inorganic  compounds.  Each 
of  these  areas  requires  sophisticated  de- 
vices, and  the  Geophysical  Laboratory, 
with  the  strong  support  of  the  Institu- 
tion's administration,  has  set  out  to  ac- 
quire and  develop  the  most  advanced 
instrumentation.  In  addition,  a  com- 
putational facility  to  process  the  large 
data  arrays  so  generated  and  to  eval- 
uate models  of  the  complex  relations  of 
geological  phenomena  has  been  ac- 
quired. With  the  help  of  these  devices, 
many  of  the  aspirations  of  the  staff  for 
testing  their  innovative  ideas  and  cre- 
ative designs  should  be  fulfilled.  The 
generation  of  new  ideas  is,  however,  only 
one  aspect  of  basic  research. 

Acquisition  of  the  large  volume  of  data 
required  to  support  or  test  a  new  idea 
or  theory  has  in  recent  years  been  dis- 
paraged as  mere  data  collection,  or  more 
politely,  as  classical  studies.  Whereas 
certain  attention-getting  experiments 
may  draw  much  financial  support,  some 
overlook  the  fact  that  every  significant 
discovery  emerges  from  an  enormous 


accumulated  data  base,  which  supplies 
the  contributing  concepts  and  tech- 
niques. There  are  some  very  important 
examples  where  support  for  generating 
that  data  base  essential  for  progress  has 
eroded  at  an  alarming  rate. 

One  disturbing  example  is  the  pre- 
cipitous drop  in  interest  in  systematic 
phase-equilibrium  studies  of  the  com- 
mon rock-forming  minerals.  New  tools 
are  at  hand  to  characterize  the  most 
complex  minerals  in  nature,  yet  few 
young  people  appear  willing  to  suggest 
a  thesis  examining  some  of  the  critical 
questions  involving  the  stability  rela- 
tions of  the  feldspars,  pyroxenes,  am- 
phiboles,  or  micas.  A  question  often 
asked  is,  "Why  is  no  one  working  in  the 
laboratory  on  those  systems  represent- 
ing granite,  andesite,  or  basalt,  the  most 
common  rock  types  in  the  earth's  crust?" 
It  takes  considerable  study  to  begin  to 
appreciate  the  need  for  specific  exper- 
iments, a  point  often  not  grasped  by 
young  investigators.  The  seasoned  ex- 
perimenter interested  in  granites,  how- 
ever, acutely  realizes  the  need  for  a  study 
of  albite-(anorthite)-sanidine-quartz- 
H20  with  muscovite  or  phlogopite  or 
both.  Petrologists  interested  in  basalt, 
similarly,  are  awaiting  definitive  de- 
terminations of  the  liquidus  diagrams 
for  albite-anorthite-forsterite-diopside 
with  and  without  H20  at  a  series  of 
pressures. 

Another  example  of  experimental 
work  that  would  enhance  the  under- 
standing of  rock-forming  processes  is  the 
calibration  of  the  partitioning  of  trace 
elements  between  phases.  There  are 
precise  techniques  for  measuring  trace- 
element  concentrations  in  rocks  and 
minerals,  but  who  is  carrying  out  the 
"classical"  experiments  to  determine 
their  partitioning  under  a  series  of  per- 
tinent conditions?  The  answer  is  that 
fewer  than  a  half-dozen  investigators 
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are  being  supported  to  fill  this  gap.  For 
some  unknown  reason,  calibration  of 
stable  isotope  partitioning  between  co- 
existing minerals  suffers  from  the  same 
neglect,  even  though  more  than  fifty 
laboratories  measure  specific  isotopes 
in  rocks  and  minerals. 

Another  example  of  the  need  for  fun- 
damental data  comes  from  the  x-ray 
crystallographers,  who  often  elect  to 
solve  structures  of  obscure  minerals  in 
search  of  new  principles  in  preference 
to  refining  common  but  inadequately 
known  structures.  If  there  is  eventually 
to  be  satisfactory  understanding  of  the 
relationships  among  bond  energy,  ther- 
modynamic and  physical  properties,  and 
phase  equilibria,  it  is  essential  that  the 
most  precise  information  be  obtained 
on  site  preference,  occupancy,  and  co- 
ordination of  each  ion  at  an  array  of 
pressures  and  temperatures.  As  in  the 
other  examples,  the  so-called  classical 
studies  turn  out  to  require  a  consider- 
able portion  of  inventive  skill  and  per- 
severance. 

These  research  areas  can  now  be  in- 
vestigated with  the  new  tools  in  so  many 
exciting  ways  that  the  choices  become 
difficult.  Some  may  wish  to  address  spe- 
cific questions  for  which  there  are  rea- 
sonable expectations  of  definitive 
answers.  Such  innovative  questions, 
even  though  resolved  with  relatively 
routine  measurements,  may  in  the  long 
run  advance  the  science  at  a  greater 
rate  than  the  record-breaking  experi- 
ment. Nevertheless,  others  must  con- 
tinue to  break  records — seeking  ever 
more  extreme  experimental  pressures, 
for  example — if  the  principal  variables 
existing  in  the  earth  are  to  be  repro- 
duced under  controlled  conditions  in  the 
laboratory.  It  is  the  intent  of  the  Geo- 
physical Laboratory  to  provide,  through 
its  staff  appointments  as  well  as  its  fel- 
lowship and  visiting  investigator  pro- 
grams, opportunities  for  those 
exceptional  people  who  find  good  rea- 
sons to  look  and  see,  and  who  have  the 
good  sense  to  build  the  data  base,  as 


well  as  for  those  willing  to  try  the  high- 
risk  experiment. 

An  effort  has  been  made  to  achieve 
an  appropriate  mix  of  innovative  and 
classical  research,  as  well  as  a  balance 
of  styles  and  methods  of  research,  at  the 
Geophysical  Laboratory.  The  following 
pages  record  some  exceptional  ad- 
vances in  ideas  and  technique,  as  well 
as  some  sustained  efforts  at  acquiring 
the  requisite  data  base.  Because  of  space 
limitations  not  all  studies  are  described 
in  detail  in  the  main  body  of  the  Report. 
Articles  described  only  in  this  intro- 
duction are  marked  with  an  asterisk. 
Results  that  will  appear  in  appropriate 
journals  before  publication  of  this  Re- 
port have  not  been  included.  Titles  of 
published  papers  and  those  in  press  ap- 
pear in  the  bibliography. 

Petrology  of  the  Mantle 

The  mineralogy  of  the  mantle  may 
be  deduced  from  at  least  three  types  of 
geochemical  evidence:  (1)  observed 
minerals  in  xenoliths  brought  up  from 
depths  as  great  as  250  km  in  kimberlite 
volcanic  pipes,  (2)  phases  produced  in 
the  laboratory  at  very  high  pressures 
and  high  temperatures,  and  (3)  high- 
pressure  polymorphs  observed  in  me- 
teorites. 

The  occurrence  of  carbon  in  the  man- 
tle is  an  intriguing  problem,  particu- 
larly when  present  in  its  high-pressure 
form — diamond.  Because  of  the  rarity 
of  diamond,  clues  to  its  origin  may  be 
obtained  by  investigating  the  more 
abundant  coexisting  phases,  such  as 
garnet.  Low-calcium  garnets  similar  to 
those  included  in  diamonds  are  abun- 
dant in  concentrates  from  some  kim- 
berlite pipes  in  ancient  cratons.  On  the 
other  hand,  neither  the  low-calcium 
garnets  nor  diamonds  are  found  in  kim- 
berlite erupted  in  younger  mobile  belts 
surrounding  old  cratons.  Boyd  and 
Gurney  speculate  that  the  sources  of  both 
garnets  and  diamonds  are  strongly  de- 
pleted harzburgites  and  dunites  in  the 
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roots  of  old  cratons.  They  believe  that 
the  reason  these  rocks  are  not  common 
among  the  xenoliths  is  that  they  also 
contained  magnesite,  which  decom- 
posed and  facilitated  disaggregation  of 
the  xenolith  during  eruption. 

Other  clues  to  the  origin  of  diamond 
can  be  found  in  a  study  by  Gurney  and 
Boyd  of  fine-grained,  polygranular  dia- 
mond intergrowths  with  garnet,  clino- 
pyroxene,  and  chromite.  Some  of  the 
silicate  intergrowths  are  garnets,  sim- 
ilar in  composition  to  those  found  in 
eclogites  and  clinopyroxenes  associated 
with  chromite;  others  are  clinopyrox- 
enes, rich  in  ureyite  (NaCrSi206)  but 
different  in  composition  from  those  in- 
cluded in  single  crystals  of  diamond.  The 
two  parageneses  of  silicate  inter- 
growths cannot  have  crystallized  from 
the  same  fluid  and  may  have  formed 
from  mixed  fluids  or  from  a  melt  and 
associated  dense  vapor.  Quenching  at 
depth  may  have  resulted  from  rapid  loss 
of  volatiles  or  from  intrusion  into  cooler 
wall  rocks.  The  intergrowths  of  dia- 
monds and  silicates  indicate  that  both 
formed  during  the  same  crystallization 
event. 

*In  another  study  involving  nodules 
and  megacrysts  in  kimberlite,  Boctor 
and  Boyd  characterize  a  suite  from 
Bellsbank,  Republic  of  South  Africa.  The 
pyroxenite  nodules  are  composed  of 
garnet,  diopside,  and  phlogopite,  and 
rarely,  orthopyroxene  coexisting  with 
garnet  and  diopside.  The  orthopyrox- 
ene megacrysts  show  exsolutions  of 
chrome-diopside,  garnet,  and  rare  il- 
menite  intergrowths.  The  temperature 
and  pressure  of  equilibration  of  a  gar- 
net pyroxenite  nodule  were  found  to  be 
1065°C  and  51  kbar,  respectively,  on 
the  basis  of  compositional  geothermo- 
meters  and  geobarometers.  The  ortho- 
pyroxene  megacrysts  give  lower 
temperature  and  pressure  estimates, 
810°-950°C  and  40-44  kbar,  yet  appear 
to  be  derived  from  disaggregated  py- 
roxenite nodules.  Zoning  in  phlogopite 
from  the  pyroxenite  nodules  and  the 


formation  of  Ti-rich  phlogopite  mantles 
on  garnet  suggest  metasomatism  via  a 
Ti-rich  fluid.  These  data  support  the 
growing  view  that  most  if  not  all  nod- 
ules have  undergone  some  kind  of  me- 
tasomatism and  do  not  in  their  present 
state  represent  molten  mantle  mate- 
rial. The  large  difference  in  equilibra- 
tion temperature  and  pressure  between 
the  nodules  and  megacrysts  indicates 
that  at  least  two  different  levels  in  the 
mantle  were  sampled  by  the  erupting 
kimberlite. 

Above  a  pressure  of  180  kbar  (at 
depths  equivalent  to  500  km),  the  sili- 
cate minerals  in  the  MgO-Si02  system, 
representing  a  large  portion  of  the 
mantle  composition,  transform  pre- 
dominantly to  perovskite-type  struc- 
tures. Weng,  Mao,  and  Bell  have  shown 
that  at  400  kbar,  A1203  dissolves  in  the 
perovskite  structure,  whereas  CaSi03 
forms  a  separate  crystalline  phase  of 
yet-unknown  structure.  It  appears  that 
perovskite-like  silicate  structures  are 
dominant  in  the  earth's  mantle  to  depths 
of  at  least  500  km. 

*Weng,  Danckwerth,  Mao,  and  Bell 
have  determined  the  distribution  of  iron 
in  the  perovskite  structure  from  the  57Fe- 
Mossbauer  spectra  of  Mg09Fe0 ,iSi02. 
They  found  that  a  significant  intra- 
crystalline  partitioning  of  iron  occurs 
between  the  12-coordinated  site  and  the 
6-coordinated  silicon  site.  This  parti- 
tioning is  presumed  to  result  from  the 
low  crystal-field  stabilization  energy  of 
the  large  distorted  cation  site.  Such 
unique  behavior  helps  explain  the  dis- 
proportionation  of  iron  and  magnesium 
into  separate  phases  at  very  high  pres- 
sures, a  process  that  may  have  signif- 
icant bearing  on  the  formation  of  the 
earth's  core. 

Potassium  has  been  proposed  as  a  mi- 
nor element  in  models  of  the  core,  among 
other  reasons,  because  of  its  potential 
role  as  a  radioactive  heat  source;  the 
host  mineral,  however,  is  unknown. 
Sulfur  has  also  been  proposed  as  a  rel- 
atively light  alloying  component  of  the 
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core,  thereby  contributing  to  a  calcu- 
lated core  density  consistent  with  the 
density  distributions  derived  from 
known  moments  of  inertia  of  the  earth. 
Whereas  it  cannot  be  demonstrated  from 
the  present  equation-of-state  data  that 
KFeS2  is  a  stable  phase  in  the  earth's 
mantle,  two  transformations  observed 
by  Zou,  Mao,  and  Bell  under  static  high- 
pressure  conditions  suggest  that  potas- 
sium is  retained  in  a  sulfide  structure 
to  pressures  at  least  as  high  as  345  kbar. 
The  study  of  high-pressure  phase 
transitions  in  minerals  from  chondrites 
is  important  because  such  transitions 
provide  clues  to  possible  similar  phase 
transitions  in  the  upper  mantle.  Ma- 
jorite,  a  garnet,  was  first  reported  in  the 
Coorara  chondrite  by  Smith  and  Mason 
(1970),  who  considered  it  a  high-pres- 
sure polymorph  of  the  low-Ca  pyroxene 
in  the  host  meteorite.  Experimental  in- 
vestigations of  the  pyroxene-garnet 
transition  (Ringwood  and  Major,  1971; 
Akaogi  and  Akimoto,  1977;  Liu,  1977) 
indicate  that  the  presence  of  A1203  in 
solid  solution  in  the  pyroxene  is  essen- 
tial for  the  stabilization  of  the  garnet 
structure.  To  ascertain  whether  A1203 
is  indeed  present  in  natural  majorite, 
Mao,  Bell,  and  Boctor  investigated  the 
occurrence  and  mineral  composition  of 
majorite  in  the  Catherwood,  Tenham, 
Pampa  del  Infierno,  and  Coolamon 
chondrites.  They  found  that  majorite  in 
these  samples  contained  at  least  2.5  wt 
%  A1203.  These  results  resolve  some 
previous  conflicting  analytical  work  and 
stand  in  accord  with  the  experimental 
data.  Mao  and  his  co-workers  suggest 
that  the  majorite  in  meteorites  was 
probably  formed  from  shock-induced 
glass. 

Igneous  Petrology 

Layered  intrusions  have  had  a  great 
influence  on  the  theoretical  develop- 
ment of  igneous  petrology.  A  long-held 
concept  is  that  a  simple,  large,  funnel- 
shaped  liquid  body,  with  a  central  feeder 
pipe  or  dike,  slowly  cools  in  the  crust 


and  precipitates  crystals  that  accumu- 
late layer  after  layer  on  the  bottom, 
producing  an  iron-rich  residuum 
through  fractionation.  This  static  view 
has  given  way  recently  to  a  dynamic 
picture  of  multiply  injected  liquids  that 
undergo  diffusive  separation  of  liquid 
layers  each  of  which  convects  inter- 
nally; crystallization  takes  place  within 
layers  that  grow  from  the  sides.  The 
layers  are  in  turn  eroded  by  turbulent 
activity  generated  with  each  new  pulse 
of  magma,  which  mixes  the  magmas  to 
produce  new  sequences  and  kinds  of 
crystals,  and  eventually  transfers  heat 
sufficient  to  melt  the  overlying  rocks. 
From  their  continuing  study  of  one  of 
the  major  layered  intrusions  of  the 
world — the  Stillwater  Complex  of  Mon- 
tana— Keith,  Todd,  and  Irvine  present 
evidence  that  the  Stillwater  was  formed 
from  two  markedly  different  parental 
magmatic  liquids.  One  of  the  proposed 
liquids  was  hypersthene-rich  and  yielded 
cyclic  layering  units  of  peridotite,  bronz- 
itite,  norite,  and  two-pyroxene  gabbro; 
the  other  was  hypersthene-poor  and 
largely  crystallized  to  anorthosite,  troc- 
tolite,  and  olivine  gabbro.  When  the  two 
liquids  mixed,  the  platinum-group  ele- 
ments (PGE)  of  the  more  ultramafic  liq- 
uid were  scavenged  by  the  immiscible 
sulfide  droplets  of  the  anorthositic  liq- 
uid and  formed  the  Johns-Manville  Reef 
(J-M  Reef).  In  their  view  the  PGE  came 
from  the  ultramafic  liquids  and  the  sul- 
fur came  from  the  anorthositic  liquids. 
The  actual  process  of  precipitation  of 
the  sulfides  by  magma  mixing  is  de- 
scribed by  Irvine,  Keith,  and  Todd.  The 
mechanism  is  specifically  based  on  li- 
quidus  and  density  relations  of  ultra- 
mafic and  anorthositic  model  melts  in 
the  system  CaO-MgO-Al203-Si02 
(CMAS),  but  it  is  consistent  with  com- 
parative relations  calculated  for  natu- 
ral compositions  evident  in  the  chilled 
margins  of  the  Bushveld  Complex.  In 
the  proposed  Stillwater  interpretation, 
the  ultramafic  liquid  is  introduced  first 
and  is  partly  solidified  to  ultramafic  cu- 
mulates and  to  the  first  layers  of  norite 
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and  two-pyroxene  gabbro.  By  the  end 
of  this  stage,  the  originally  homoge- 
neous liquid  has  also  divided  into  a  den- 
sity-stratified succession  of  liquid  layers 
of  differing  composition  and  tempera- 
ture. The  anorthositic  liquid  is  then 
emplaced.  Indications  are  that,  despite 
its  anorthositic  affinities,  this  liquid  was 
denser  than  the  residual  ultramafic  liq- 
uids and,  therefore,  probably  under- 
flowed  them.  But  the  liquid  appears  also 
to  have  been  denser  essentially  because 
it  was  cooler,  a  relationship  that  would 
be  expected  to  result  in  double-diffusive 
"finger"  mixing  along  the  liquid-liquid 
interface.  The  effects  of  this  mixing  were 
transmitted  through  the  layered  liquid 
system  as  it  crystallized,  and  as  a  result 
the  Pt-Pd  ore  zone  grew  near  the  level 
of  the  main  interface. 

In  an  attempt  to  define  the  origins  of 
the  ultramafic  and  anorthositic  liquids 
of  the  Stillwater  and  Bushveld  Com- 
plexes, Irvine  and  Sharpe  have  com- 
piled a  petrogenetic  grid  describing 
melting  relations  as  a  function  of  tem- 
perature and  pressure  in  the  system 
CaO-MgO-Al203-Si02.  The  grid  is  still 
provisional  but  provides  a  broad  frame- 
work for  correlating  different  magma 
types  with  possible  source  regions.  From 
it  they  deduced  that  ultramafic  liquid 
was  derived  from  garnet  lherzolite  rel- 
atively deep  in  the  upper  mantle  (at 
perhaps  180-200  km  depth),  whereas 
anorthositic  liquid  was  probably  de- 
rived from  melting  of  granulitic  rocks 
at  the  base  of  the  continental  crust. 

*From  these  deductions,  Irvine  de- 
scribes a  mechanism  of  origin  for  the 
two  Bushveld-Stillwater  magmas  and 
temporally  associated  igneous  rocks.  The 
mechanism  is  based  on  a  concept,  in- 
troduced by  Irvine  in  Year  Book  78,  that 
mantle  convection  is  characterized  by 
sufficiently  unsteady  flow  that  can  be 
modeled  by  density  currents.  In  the 
present  application,  the  convergence  of 
such  currents  at  about  200-km  depth 
initially  causes  compression  and  down- 
warping  of  the  overlying  continental 
lithosphere    and    crust    and,    conse- 


quently, leads  to  the  development  of  a 
sedimentary  basin  (the  Transvaal  Basin) 
at  the  future  site  of  the  intrusion.  When 
the  currents  meet,  however,  the  lith- 
osphere becomes  extended  above  the  line 
of  junction,  and  the  ultramafic  magma 
is  released  from  zones  of  partial  melting 
in  the  density  currents.  The  mafic 
magma  rises  rapidly  to  form  a  large  su- 
pracrustal  intrusion  (the  Bushveld 
Complex)  at  a  level  where  the  magma 
is  gravitationally  stable  in  the  sedi- 
mentary deposits.  But  the  melting  also 
produces  a  voluminous  residue  of  hot 
harzburgite  that  has  relatively  low 
density  in  the  mantle  system.  Irvine 
postulates  that  this  material  will  rise 
plastically  to  form  an  even  larger  in- 
trusion where  it  is  gravitationally  sta- 
ble underneath  the  continental  crust. 
Upward  transfer  of  heat  from  the  sub- 
crustal  intrusion  then  causes  partial 
melting  of  granulitic  rocks  at  the  base 
of  the  crust,  yielding  the  anorthositic 
liquid  that  is  added  to  the  supracrustal 
intrusion.  Finally,  at  some  substan- 
tially later  time,  the  melting  shifts  to 
more  siliceous  rocks  at  a  higher  crustal 
level  (most  probably  at  the  Conrad  Dis- 
continuity), where  it  produces  lower- 
temperature  granitic  magmas  that  rise 
through  the  (then  largely  solidified) 
mafic  intrusion  to  form  the  shallow 
granitic  plutons  and  associated  vol- 
canic rocks  observed  within  the  Bush- 
veld Complex.  Granitic  domes  may  also 
be  formed  in  and  around  the  mafic  in- 
trusion at  this  stage.  It  is  evident  that 
the  simple  view  of  layered  intrusions 
has  indeed  undergone  major  versions. 
*The  questions  generated  by  the  above 
discussion  provide  many  opportunities 
for  experimental  investigation.  The  sol- 
ubility of  sulfur  in  silicate  melts  is  one 
obvious  parameter  that  needs  to  be  as- 
certained quantitatively.  Toward  this 
end,  Danckwerth  investigated  the  phase 
relations  and  sulfur  solubilities  within 
the  system  Na20-Al203-Si02-S02  at  15 
kbar.  When  these  results  are  combined 
with  those  at  1  bar,  sulfur  solubility  is 
seen  to  vary  directly  with  pressure  and 
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inversely  with  temperature.  This  re- 
lationship implies  that  the  positive 
pressure  dependence  of  sulfur  solubil- 
ity in  silicate  melts  (Mysen  and  Popp, 
1980)  is  valid  for  a  range  of  imposed 
redox  conditions.  Raman  spectra  of  the 
quenched  liquids  show  subtle  changes 
in  the  high-frequency  envelopes, 
changes  suggesting  that  depolymeri- 
zation  of  the  network,  for  example 
NaS03~  complexing,  is  occurring.  Be- 
cause of  the  association  of  sulfides  with 
anorthositic  liquids  in  the  Bushveld  and 
Stillwater  Complexes,  it  will  be  impor- 
tant to  determine  the  solubility  of  sul- 
fur in  CaO-Al203-Si02  melts. 

Further  refinement  of  the  model  for 
layered  intrusions  proposed  by  Irvine, 
as  well  as  of  models  for  the  generation 
of  other  magma  types,  will  require  de- 
tailed knowledge  of  the  densities  of  var- 
ious liquid  compositions.  Murase 
determined  the  density  and  compres- 
sional  wave  velocity  of  basaltic  and  an- 
desitic  liquids  at  1  bar,  and  then  used 
these  data  to  calculate  the  bulk  mod- 
ulus. The  calculation  of  the  density,  bulk 
modulus,  and  compressional  wave  ve- 
locity at  high  pressure  by  means  of  the 
Birch-Murnaghan  equation  was  then 
possible.  The  calculated  results  of  den- 
sity for  a  basaltic  liquid  were  compared 
with  the  experimental  data  at  high 
pressure  obtained  by  Fujii  and  Kushiro 
(Year  Book  76,  419-424).  The  agree- 
ment in  the  pressure  range  1  bar-15 
kbar  indicates  that  the  equation  may 
be  used  with  confidence  for  the  purpose 
of  obtaining  density  values  at  pressures 
lower  than  15  kbar  for  molten  rock  and, 
to  a  first  approximation,  at  pressures 
above  15  kbar  for  an  understanding  of 
the  low-velocity  zone.  The  calculated 
density  and  compressional  wave  veloc- 
ity were  compared  with  those  for  oli- 
vine. Murase  concluded  that  a  large 
contrast  exists  between  the  density  and 
wave  velocity  of  olivine  and  those  of 
basaltic  liquid  even  at  depths  of  100- 
200  km.  For  this  reason,  magma  bodies, 
if  present  and  of  sufficient  size,  proba- 


bly could  be  outlined  with  seismic 
methods. 

In  addition,  Kushiro  measured  the 
density  of  five  olivine  tholeiite  and  al- 
kali basalt  melts  to  15  kbar  in  order  to 
evaluate  processes  of  magma  separa- 
tion both  in  the  source  region  and  dur- 
ing ascent  to  the  surface.  He  concluded 
that  alkali  basalt  melts  are  less  dense 
than  olivine  tholeiite  melts  and  that  the 
olivine  tholeiite  melts  are  more  com- 
pressible than  those  of  alkali  basalt, 
particularly  in  the  pressure  range  be- 
tween 1  bar  and  7  kbar.  Because  one  of 
the  main  driving  forces  behind  magma 
ascent  is  the  density  contrast  between 
the  liquid  and  the  surrounding  rocks, 
Kushiro  suggests  that  the  less-dense  al- 
kali basalt  melts  will  ascend  from  their 
source  regions  more  rapidly  than  oli- 
vine tholeiite  melt. 

Alkali  basalts  were  the  focus  of  a  study 
by  Yoder  and  Chayes  on  the  correlation 
of  Na20  and  K20.  They  found  a  sub- 
stantial (80%)  positive  correlation  be- 
tween those  oxides  for  the  Hawaiian 
alkali  basalts,  and  they  raise  the  ques- 
tion how  the  slope  of  Na20  vs.  K20  can 
remain  relatively  constant  throughout 
the  generation  process.  They  suggest 
that  the  relationship  may  result  from 
( 1 )  buffering  by  appropriate  Na-  and  K- 
bearing  phases  in  the  parent,  (2)  phase 
relations  governing  the  proportion  of  Na- 
and  K-bearing  phases  in  alkaline 
magma,  (3)  behavior  of  Na  and  K  as 
strongly  incompatible  elements,  or  (4) 
positive  correlation  imposed  by  subse- 
quent numerical  closure  on  successive 
melts.  The  higher  alkali  content  of  the 
alkaline  basalts  reflects  the  progres- 
sive effect  of  pressure  on  beginning-of- 
melting  relations  that  appears  to  take 
place  at  about  the  same  rate  for  each 
alkali  in  synthetic  systems. 

*  Among  the  possible  solutions  to  the 
alkali-ratio  problem,  a  possible  non- 
petrogenic  explanation  for  positive  cor- 
relations has  been  noted.  Petrologists 
have  long  realized  that  in  suites  of  bulk 
analyses  of  rocks  there  is  a  strong  bias 
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toward  negative  correlation  between 
constituents  that  make  major  contri- 
butions to  the  total  variance  of  any 
sample  array.  There  is  still  no  system- 
atic way  to  eliminate  or  allow  for  this 
"closure"  bias  in  statistical  (or  other  in- 
ferential) examination  of  such  data. 
Chayes  points  out  that  with  respect  to 
the  influence  of  closure  on  covariance, 
major  contributors  to  the  total  variance 
and  trace  constituents  are  in  a  sense 
complementary.  As  between  major  con- 
stituents, closure  does  indeed  tend  to 
generate  negative  covariance;  as  be- 
tween constituents  whose  contribution 
to  the  variance  of  an  array  is  small  or 
negligible,  however,  the  effect  of  clo- 
sure is  to  generate  positive  covariance. 
Chayes  suggests  that  much  of  the  ob- 
served positive  correlation  between  trace 
elements  could  be  induced  by  closure 
attendant  upon  separation  of  the  magma 
from  its  parent  and  may  contain  little 
or  no  unambiguous  information  about 
relations  between  these  elements  prior 
to  that  event.  Although  the  mathemat- 
ical tools  have  not  as  yet  been  devel- 
oped to  ascertain  just  how  much  of  the 
correlation  is  imposed  by  closure,  the 
principle  should  not  be  ignored  by  trace- 
element  specialists. 

As  the  prospects  draw  nearer  of  hav- 
ing a  rock-analysis  file  cross-correlated 
with  mineral  content,  age,  trace  ele- 
ments, isotopes,  and  other  valuable  pe- 
trographic  information,  petrologists 
grow  more  excited  over  potential  ap- 
plications. Chayes  and  his  colleagues 
Groetsch,  Li,  and  Possolo  report  that 
data-capture  operations  in  connection 
with  the  world  data  base  being  devel- 
oped by  International  Geological  Cor- 
relation Project  163  are  progressing 
satisfactorily,  and  that  construction  of 
a  prototype  information  system  is  well 
under  way.  The  system  is  intended  both 
for  use  at  the  central  office  of  the  project 
and  as  a  model  for  end-stage  users  and 
national  or  regional  offices  lacking  ac- 
cess to  a  suitable  proprietary  data-base 
management  system.  It  will  include  a 


program  to  generate  and  update  a  data 
base  from  card-image  files  and  will  of- 
fer a  query  language  and  program  rep- 
ertoire designed  to  provide  ready 
reductions  and  retrievals  from  the  base 
in  report  format  essentially  as  speci- 
fied, at  run  time,  by  the  user.  To  assure 
portability,  the  entire  system  is  being 
written  in  Fortran  IV. 

Relations  between  bulk  chemistry, 
mineralogy,  and  petrography  have  al- 
ways been  a  major  concern  of  petrolo- 
gists, and  one  of  the  welcome 
consequences  of  the  development  of  in- 
strumented and  automated  analytical 
techniques  has  been  a  very  material  in- 
crease in  the  number  of  bulk  analyses 
included  in  petrographic  publications. 
It  might  be  supposed  that  the  availa- 
bility of  so  much  more  analytical  data 
would  make  for  closer  linkage  of  infor- 
mation about  bulk  composition  with  in- 
formation about  mineral  assemblage  and 
petrography.  Chayes  finds,  however,  that 
this  linkage,  perhaps  never  as  strong 
as  most  petrologists  supposed,  is  rap- 
idly weakening.  In  about  20%  of  the 
specimen  descriptions  published  in  ma- 
jor American  journals  in  the  period 
1917-1956,  for  instance,  petrographic 
and  mineralogical  description  is  so  gen- 
eralized that  its  relation  to  the  material 
actually  analyzed  is  unclear;  in  descrip- 
tions appearing  in  the  same  journals 
after  1955  this  percentage  is  about  dou- 
bled. He  urges  that  whenever  all  three 
kinds  of  information  are  in  fact  avail- 
able, a  few  lines  characterizing  the  spe- 
cific  mineral  assemblage  and 
petrography  of  the  material  actually 
analyzed  ought  to  be  included  in  its 
published  description. 

*London  has  studied  a  group  of  rocks 
in  the  early  stages  preceding  melting, 
from  the  Moodus  seismic  area,  Con- 
necticut. A  thin  band  of  migmatite  and 
feldspathic  blastomylonite  delineates 
the  trace  of  a  ductile  fault  zone  that 
strikes  approximately  north-south 
through  the  Moodus  area.  Potassium- 
feldspar  and  plagioclase  augen  grow  at 
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the  expense  of  sillimanite,  quartz,  and 
muscovite,  and  in  London's  view,  the 
early  disappearance  of  sillimanite  con- 
stitutes the  principal  evidence  that  the 
feldspathization  of  these  rocks  was  not 
the  result  of  anatexis.  The  mineralogy 
and  fabric  of  the  feldspathized  rocks  and 
feldspathic  migmatites  appear  to  be  the 
result  of  deformation  and  metamor- 
phism  (perhaps  metasomatism)  and  are 
not  directly  related  to  any  primary  dep- 
ositional  characteristics  of  the  rocks. 

Element  Concentration 

Because  of  the  close  genetic  ties  be- 
tween skarn  deposits  and  igneous  rocks, 
the  study  of  skarns  can  contribute 
uniquely  to  an  understanding  of  late- 
stage  magmatic  processes  that  concen- 
trate metals.  The  association  of  mag- 
netite skarns  with  the  more  mafic 
igneous  rock  types,  of  tungsten  and  base- 
metal  sulfide  skarns  with  intermediate 
to  silicic  calcalkaline  plutons  of  conti- 
nental orogenic  belts,  and  of  tin-fluo- 
rine skarns  with  post-orogenic  or 
anorogenic  granites,  is  compelling  ev- 
idence for  a  predominantly  igneous 
source  of  these  metals.  Further,  these 
associations  demonstrate  that  the  bulk 
compositions  and  geochemical  charac- 
teristics of  magmas  can  be  a  determin- 
ing factor  in  the  types  of  metals 
concentrated.  Yet,  considerable  varia- 
bility in  skarn  types  is  recognized  in 
association  with  the  compositionally 
restricted  granodiorite  to  quartz  mon- 
zonite  plutons  of  continental  margins. 
These  variations  must  relate  to  differ- 
ences in  the  geochemical  environment 
in  which  the  magmatic  volatile  phase 
is  evolved,  the  cooling  history  of  this 
volatile  phase,  wall-rock  compositions, 
and  extent  of  reaction  between  hy- 
drothermal  fluids  and  wall  rocks. 

The  Cu-Fe  sulfide-bearing  skarns  of 
the  Yerington  district,  Nevada,  are 
composed  of  andraditic  garnet  and  sal- 
itic  clinopyroxene,  a  relatively  oxidized 
assemblage.  They  are  associated  with 
the  contact  zone  of  a  hyperbyssal  gran- 


odiorite to  quartz  monzonite  batholith. 
Einaudi  has  compiled  new  and  recently 
published  analytical  data  on  the  skarn 
minerals  and  has  related  their  differ- 
ences in  part  to  the  magma  type  and 
the  level  of  emplacement  in  the  crust. 
He  concludes  that  reduction  of  aqueous 
sulfate  by  ferrous  iron  in  pyroxene  was 
an  important  factor  in  late  sulfide  dep- 
osition. Because  the  oxidation  state  was 
one  of  the  factors  that  controlled  the 
sulfur  content  of  the  magmatic  aqueous 
phase,  skarns  displaying  relatively  re- 
duced calc-silicate  mineral  assem- 
blages (e.g.,  W  and  Sn  skarns)  tend  to 
be  sulfide-poor,  whereas  skarns  with 
relatively  oxidized  assemblages  (e.g.,  Cu 
skarns)  tend  to  be  sulfide-rich.  The 
compositional  trends  in  pyroxene  and 
garnet  were  consistent  with  decreasing 
temperature  and  increasing  oxidation 
state  with  distance  from  fluid  sources. 

*The  Yerington  district,  mentioned 
above,  affords  a  unique  opportunity  as 
well  for  understanding  porphyry  copper 
deposits.  As  a  result  of  rotational  tilting 
by  Basin-Range  faults,  a  vertical  ex- 
posure of  up  to  5  km  of  the  system,  from 
its  volcanic  top  to  its  plutonic  roots,  is 
accessible.  On  the  basis  of  a  long-term, 
field-oriented  research  effort  by  geolo- 
gists of  the  Anaconda  Company  in  the 
period  1967-1974,  involving  more  than 
fifteen  man-years  of  mine  study,  Ei- 
naudi has  completed  the  compilation  of 
maps  depicting  the  distribution  of  rock 
types,  structure,  alteration,  sulfide  as- 
semblages and  abundance,  quartz  vein- 
let  densities,  and  copper  grade. 
Combined  with  bulk  chemical  and  modal 
analyses  of  fresh  and  altered  rocks  and 
reconnaissance  electron  microprobe 
analyses  of  minerals,  these  data  are 
being  used  to  generate  a  time-space 
model  for  the  evolution  of  the  porphyry 
system.  A  cooperative  research  effort 
by  Einaudi  and  Rumble,  using  C,  O, 
and  H  isotope  analyses  to  deduce  the 
temperatures  of  fluid  circulation  and  the 
origins  of  components  in  the  hydro- 
thermal  fluids,  is  planned. 

Fluorine  is  characteristically  associ- 
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ated  with  several  kinds  of  ore  deposits, 
including  some  of  tin,  tungsten,  molyb- 
denum, beryllium,  and  uranium.  Bar- 
ton has  undertaken  an  integrated 
geological  and  geochemical  study  of  the 
fluorine-rich  skarn  at  McCullough 
Butte,  Nevada,  to  understand  better  the 
genesis  of  one  of  these  systems.  The  de- 
posit occurs  in  Ordovician  carbonates 
and  quartzite  intruded  by  Cretaceous, 
two-mica,  granite  porphyries.  On  the 
basis  of  twenty  square  miles  of  mapping 
and  a  comprehensive  collection  and  de- 
tailed laboratory  study  of  samples,  mul- 
tiple stages  of  alteration  that  include 
both  isochemical  and  metasomatic 
stages  have  been  recognized.  The  early 
stages  include  dolomitization  and  re- 
crystallization  of  the  host  limestone  and 
the  development  of  calc-silicates  in  the 
siliceous  units.  The  fluorite-rich  me- 
tasomatic skarns  show  well-defined 
zoning  from  an  inner  garnet-pyroxene 
zone  through  a  series  of  skarns  char- 
acterized by  their  vein  assemblages: 
plagioclase,  followed  by  muscovite  + 
fluorite,  and  finally  quartz.  The  geo- 
chemical data  indicate  low  f02,  fS2,  fC02, 
total  Fe,  Cu,  and  Pb;  and  high  F,  Zn, 
Be,  Sn,  Mo,  and  W.  These  results  imply 
a  low-temperature,  low-pressure  origin 
by  reaction  with  fluorine-rich  fluids  de- 
rived from  a  local  granitic  intrusive. 

A  central  problem  in  understanding 
the  genesis  of  ore  deposits  lies  in  as- 
certaining the  origins  of  the  fluids  and 
other  components  that  form  the  depos- 
its. Isotopic  and  trace-element  studies 
can  place  constraints  on  these  origins 
as  well  as  provide  information  on  tem- 
peratures, fugacities,  and  mass-balance 
relations  during  ore  genesis.  Carbon, 
oxygen,  and  strontium  isotopes  and  the 
rare  earth  elements  have  been  studied 
by  Barton,  Ruiz,t  Ito,t  and  Jones§  to 
trace  the  sources  of  components  in  the 
multiple-stage,  fluorine-rich  skarn  at 
McCullough  Butte,   Nevada.   The  re- 

t  Joaquin  Ruiz,  University  of  Michigan. 
tEmi  Ito,  Department  of  Terrestrial  Magne- 
tism, CIW. 
§Lois  Jones,  CONOCO,  Ponca  City,  Oklahoma. 


suits  show  that  the  fluorine-rich  alter- 
ation is  compatible  with  fluids 
dominated  by  magmatic  components, 
whereas  nearby  quartz-carbonate-sil- 
ver veins  are  compatible  with  a  meteo- 
ric source  for  the  fluids.  The  rare  earth 
element  distributions  in  the  alteration 
closely  resemble  those  in  their  respec- 
tive hosts,  an  observation  compatible 
with  published,  high  values  of  mineral- 
fluid  KD.  The  dominantly  magmatic  fluid 
suggested  for  the  McCullough  Butte 
skarn  is  like  that  for  some  other  ig- 
neous alteration  systems  and  some 
skarns,  but  unlike  that  for  many  ore 
deposits  in  whose  formation  meteoric 
water  has  played  a  dominant  role. 

Lithium-bearing  spodumene  also  oc- 
curs in  fluorine-rich  environments,  some 
of  which  are  particularly  favorable  for 
deposition  of  tantalum.  Natural  occur- 
rences of  altered  spodumene  can  be 
plotted  on  a  schematic,  isobaric-iso- 
thermal,  |xHF-|xKF  phase  diagram  to 
illustrate  the  effects  of  increasing  ac- 
idity (as  |xHF)  vs.  salinity  (as  |xKF)  on 
the  stability  of  spodumene.  A  number 
of  mica-bearing  assemblages  that  are 
common  in  pegmatites  and  greisens  were 
compared  qualitatively  by  London  as 
being  acidic  or  saline  in  character.  The 
most  significant  tantalum  mineraliza- 
tion in  pegmatites  in  his  view  is  asso- 
ciated with  the  replacement  of 
spodumene  and  microcline  by  lithian 
muscovite  or  lepidolite  +  quartz.  These 
replacements  occur  at  relatively  low 
values  of  jxHF  and  |xKF  when  compared 
to  the  typical  greisen  assemblage  of  to- 
paz +  muscovite  +  quartz  ±  K-feld- 
spar.  In  addition,  he  notes  that  tantalum 
mineralization  associated  with  replace- 
ments of  spodumene  and  microcline 
takes  place  in  relatively  saline  (and 
perhaps  alkaline)  rather  than  acidic  en- 
vironments. This  conclusion  is  consis- 
tent with  the  observation  that  Ta205 
appears  to  be  several  orders  of  magni- 
tude more  soluble  in  acidic  HF  solu- 
tions than  in  KF  or  KOH  solutions  of 
equal  molality  or  normality  at  the  same 
P  and  T. 


248 


CARNEGIE    INSTITUTION 


*  Additional  experimental  runs  by 
London  in  the  system  LiAlSi04- 
Si02-H20  (London,  Year  Book  80,  341- 
345)  have  further  defined  the  lithium 
aluminosilicate  stability  relations 
around  the  (3-spodumene-absent  invar- 
iant point.  On  the  basis  of  recent  runs, 
this  invariant  point  lies  at  T(max)  = 
370°C  and  P(min)  =  1800  bars.  The 
lithium  aluminosilicates  have  simple 
compositions  with  few  ionic  substitu- 
tions. Their  stability  relations  are  es- 
sentially independent  of  the  complex 
chemistry  of  pegmatites  (containing  Be, 
Rb,  Cs,  P,  F,  B,  Ta,  Nb),  and  thus  they 
are  among  the  most  useful  indicators 
of  P-T  conditions  in  pegmatites.  This 
relationship  is  especially  true  of  the 
world's  major  rare-metal  pegmatites 
(e.g.,  the  Tanco,  Manitoba,  and  the  Bik- 
ita,  Zimbabwe,  deposits),  in  which  all 
three  of  the  natural  lithium  alumino- 
silicates, petalite,  spodumene,  and  eu- 
cryptite,  occur  together  with  quartz. 

A  study  of  fluid  inclusions  in  natural 
lithium  aluminosilicates  from  the  Tanco 
pegmatite,  Bernic  Lake,  Manitoba,  was 
initiated  by  London,  Spooner,f  and 
Roedderf  as  a  check  of  experimental 
results  in  the  system  LiAlSi04- 
Si02-H20  and  as  an  indication  of  the 
P-T-X  conditions  during  the  formation 
of  tantalum  ores  at  Tanco.  Inclusions 
in  spodumene  from  Tanco  contain  H20- 
rich  liquid  and  vapor,  minor  amounts 
of  C02  liquid,  and  large  amounts  of 
daughter  minerals.  It  appears  that  the 
composition  of  the  complex  assemblage 
of  daughter  minerals  can  be  approxi- 
mated by  the  system  LiAlSi04- 
CsAlSi206-NaAlSi308-Si02-H20  plus  an 
unidentified  phase  that  appears  to  be 
an  Li-  or  Be-carbonate  or  borate.  The 
daughter  minerals  melt  or  dissolve  be- 
tween 375°C  (solidus)  and  440°C  (li- 
quidus  or  homogenization  temperature). 
It  is  not  yet  known  whether  the  solids 
and  fluid  homogenize  to  a  single  phase 
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above  440°C,  or  if  two  phases  (silicate- 
rich  and  H20-rich  fluids)  exist.  From 
this  information  and  microthermome- 
tric  data  on  the  aqueous  solutions  pres- 
ent in  the  inclusions,  an  isochore  has 
been  defined  that  establishes  a  mini- 
mum T  of  entrapment  of  ~440°C  and  a 
minimum  P  of  entrapment  of  ~  2300 
bars.  This  estimate  for  the  P  and  T  of 
entrapment  falls  precisely  on  the  spod- 
umene +  2  quartz  =  petalite  reaction 
boundary,  as  determined  by  hydro- 
thermal  experiments. 

^Beryllium  silicates  are  common  ac- 
cessory minerals  in  some  felsic  igneous 
rocks  and  associated  ore  deposits.  Adi- 
abatic  calorimetry  has  been  used  by 
Barton,  R.  A.  Robie,§  and  B.  S.  Robie§ 
to  measure  the  heat  capacities  of  beryl, 
bertrandite,  and  euclase  from  10  K  to 
340,  380,  and  380  K,  respectively.  Dif- 
ferential scanning  calorimetry  was  used 
to  extend  the  heat-capacity  measure- 
ments from  340  to  550  K  for  bertran- 
dite, and  from  340  to  800  K  for  beryl 
and  euclase.  Combination  of  these  re- 
sults with  the  phase-equilibrium  and 
solubility  data  from  Barton  (1981)  will 
result  in  a  precise  thermodynamic  model 
for  the  equilibria  of  the  common  beryl- 
lium silicates. 

Structure  of  Liquids  and  Glasses 

Characterization  of  the  structure  of 
a  liquid  or  its  approximately  equivalent 
glass  is  essential  for  understanding  liq- 
uidus  phase  diagrams,  the  kinetics  of 
crystal  growth  from  the  liquid,  and  the 
unique  property  changes  occurring  as 
functions  of  pressure,  oxidation,  and 
volatile  content.  Of  special  interest  this 
year  has  been  the  influence  of  the  ox- 
idation state  of  iron  on  the  structural 
properties  of  glasses  in  systems  perti- 
nent to  magmas.  As  a  result  of  this  fo- 
cus a  new  conceptual  outlook  has  been 
adopted  that  provides  a  sound  basis  of 
interpretation  of  Mossbauer  spectra  of 
silicate  glasses.  The  hyperfine  inter- 
im U.S.  Geological  Survey,  Reston,  Virginia. 
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actions  of  paramagnetic  solids  are  char- 
acterized by  a  quadrupole  splitting  (QS) 
and  chemical  isomer  shift  (IS).  The  value 
of  the  isomer  shift  is  a  measure  of  the 
s-electron  density  at  the  absorbing  nu- 
cleus and  reflects  the  valence  state  of 
the  element.  The  value  of  the  quadru- 
pole-splitting  parameter  relates  to  the 
electric  field  gradient  at  the  site  and 
thus  is  a  measure  of  the  size  or  distor- 
tion, or  both,  of  the  coordinating  poly- 
hedra.  A  correlation  of  isomer  shifts  and 
quadrupole  splittings  of  chemically  and 
structurally  related  crystalline  solids 
has  been  recognized  for  many  years. 
Wivel  and  Morup  (1981)  have  recently 
suggested  that  such  a  correlation  may 
exist  for  a  single  paramagnetic  amor- 
phous solid,  that  is,  a  silicate  glass.  The 
Mossbauer  spectrum  of  such  a  solid 
would  then  be  thought  of  in  terms  of  an 
array  of  elementary  doublets  with  an 
appropriate  correlation  of  IS  and  QS. 

This  surprisingly  simple  hypothesis 
has  been  tested  experimentally  by 
Danckwerth  on  two  glass  compositions 
in  the  system  Na20-Si02-Fe-0.  One 
composition  was  held  under  such  con- 
ditions that  all  iron  was  in  the  divalent 
state,  and  another,  so  that  >  99%  of  the 
iron  was  trivalent.  Mossbauer  spectra 
were  recorded  at  room  temperature,  and 
the  resulting  absorption  envelopes  were 
fitted  with  elementary  doublets  with 
line-widths  equal  to  0.3  mm/sec.  This 
line-width  corresponds  to  that  obtained 
for  thin  iron  foil  exposed  to  y  radiation 
from  57Co  in  a  Pd  point-source.  No  other 
constraints  were  imposed  on  the  fitting 
procedure. 

Danckwerth's  results  indicate  that  for 
both  the  Fe2+  and  Fe3+  spectra  the 
broadened  envelopes  could  be  charac- 
terized by  elementary  doublets  whose 
isomer  shifts  and  quadrupole  splittings 
were  related  by  straight  lines.  The  re- 
sulting fits  are  a  significant  statistical 
improvement  in  reducing  residual  var- 
iance over  the  more  traditional  method 
of  accounting  for  line-broadening  by  in- 
creasing the  width  parameter  in  the 
fundamental  equation  for  a  Lorentzian 


distribution.  It  should  be  emphasized 
that  the  line  shape  of  the  resulting  res- 
onant absorption  envelope  is  not  strictly 
Lorentzian  but  is  instead  determined 
by  the  array  of  amplitudes  of  the  ele- 
mentary doublets.  For  the  nonspecial- 
ist  in  Mossbauer  spectroscopy,  this 
interpretation  of  glass  spectra  can  now 
be  directly  correlated  with  the  crystal- 
lographer's  view  of  positional  disorder 
of  a  cation. 

Analysis  of  amorphous  materials  with 
the  Mossbauer  technique  has  other 
drawbacks  in  addition  to  line-broad- 
ening. These  include  asymmetry  in  line 
shape  (especially  for  ferrous  iron),  lack 
of  fit  for  the  shoulders,  abrupt  change 
in  line  shape,  and  the  ambiguity  of 
interpretation  of  the  ferrous-ferric  ra- 
tio. To  adjust  for  some  of  these  prob- 
lems, Danckwerth  and  Virgo  have 
developed  a  computer  algorithim,  mod- 
ified from  the  procedure  described  by 
Wivel  and  Morup  (1981),  for  the  Moss- 
bauer spectra  of  glasses  along  the  com- 
position join  Na20-Si20-5Fe203.  In  all 
cases,  the  present  model  significantly 
improves  the  statistical  quality  of  the 
fits.  The  resulting  trends  of  Fe3+/Fe2  + 
are  identical  with  those  of  previous 
models.  Ferric  iron  has  isomer-shift 
values  consistent  with  tetrahedral  co- 
ordination. In  addition,  the  model  ex- 
plicitly implies  a  unique  ferrous-ferric 
ratio — a  feature  either  missing  or  in- 
adequate in  previous  analyses. 

Danckwerth,  Virgo,  and  My  sen  have 
applied  the  same  type  of  analysis  to  the 
system  CaO-Na20-Si02-Fe-0.  The  Fe3+/ 
Fe2+  decreases  smoothly  from  sodium 
disilicate  to  calcium  disilicate  doped  with 
5%  Fe203,  a  result  indicating  the  greater 
efficiency  of  Na  in  stabilizing  tetrahed- 
ral ferric  iron  as  opposed  to  that  of  Ca. 
More  importantly,  trends  in  isomer-shift 
values  show  a  smooth  transition  be- 
tween the  calcium  and  sodium  end 
members.  Values  range  from  0.32  to  0.26 
mm/sec,  respectively.  These  data  indi- 
cate that  all  the  ferric  iron  is  tetrahed- 
rally  coordinated  and,  therefore,  acts  as 
a  network  former. 
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Ferric  iron  was  also  found  in  tetra- 
hedral  coordination  in  the  highly  po- 
lymerized quenched  melts  along  the 
NaFe02-Si02  join  with  the  aid  of  57Fe 
Mossbauer  spectra  obtained  by  Virgo, 
Mysen,  Danckwerth,  and  Seifert.  Dis- 
tinct vibrational  modes  for  Fe04  and 
Si04  molecular  units  were  found  from 
analysis  of  Raman  spectra.  These  re- 
sults may  indicate  that  Fe3  +  forms  dis- 
tinct charge-balanced  complexes  in 
highly  polymerized  melts  rather  than 
a  random  mixing  of  Fe3  +  and  Si,  a  re- 
lationship that  has  important  bearing 
on  the  mixing  properties  of  magma. 

Virgo,  Mysen,  Danckwerth,  and  Sei- 
fert have  also  determined  the  anionic 
structure  in  depolymerized  sodium  sil- 
icate melts  containing  variable  concen- 
trations of  Fe203.  They  find  that  Fe3  + 
shows  almost  complete  preference  for 
specific  anionic  units  depending  on  the 
bulk  ratio  of  nonbridging  oxygen  to  te- 
trahedrally  coordinated  cation  (NBO/T). 
For  melts  containing  5  wt  %  Fe203with 
NBO/T  <  0.66,  Fe3+  occurs  as  tetra- 
hedrally  coordinated,  three-dimen- 
sional molecular  units  with  fixed  Fe/Si. 
These  units  increase  in  relative  abun- 
dance with  decreasing  NBO/T.  For  more 
depolymerized  melts,  Fe3+  also  occurs 
as  three-dimensional  molecular  units 
with  higher  Fe/Si.  These  units  also  in- 
crease in  abundance  with  increasing 
NBO/T.  The  type  and  relative  propor- 
tions of  the  Fe3+  units  in  these  melts, 
therefore,  explain  quantitatively  trends 
in  Fe3  +  /Fe2+  as  a  function  of  melt  bas- 
icity. For  melts  of  specific  composition, 
Fe3+/Fe2+  decreases  proportionally  with 
increasing  Fe203  content  in  the  range 
1-15  wt  %  Fe203.  These  trends  are  cor- 
related with  an  increase  in  proportion 
of  specific  Fe3+  molecular  units.  Anal- 
ysis of  the  vibrational  modes  in  the  Ra- 
man spectra  indicates  that  the  increase 
in  the  polymerization  of  the  melt  with 
the  addition  of  Fe203  is  primarily  as- 
sociated with  the  exclusion  of  Si2052 
units.  This  knowledge  of  the  speciation 
of  Fe3+  and  Fe2+  in  sodium  silicate  melts 
can  now  be  used  to  formulate  expres- 


sions relating  redox  equilibria  to  the 
anionic  structure  of  the  melt. 

The  relationships  between  redox 
equilibria  of  iron,  the  degree  of  poly- 
merization, and  A1/(A1  +  Si)  of  silicate 
melts  were  studied  by  Neumann,  My- 
sen, Virgo,  and  Seifert  in  order  to  relate 
redox  equilibria  to  the  structure  of 
magmatic  liquids.  They  find  that  the 
principles  governing  redox  equilibria 
as  deduced  from  Mossbauer  and  Raman 
spectroscopic  studies  of  iron-bearing,  Al- 
free,  metal  oxide-silica  melts  also  apply 
to  aluminum-bearing  melts.  Conse- 
quently, the  same  principles  may  be  ap- 
plied to  magmatic  liquids.  They  also 
observe,  however,  a  positive  correlation 
between  A1/(A1  +  Si)  of  the  melt  and 
Fe3+/S  Fe.  In  addition,  the  relation- 
ships between  Fe3+/S  Fe  and  A1AA1  + 
Si)  as  well  as  NBO/T  also  depend  on 
temperature  and,  probably,  oxygen  fu- 
gacity.  They  conclude  that  the  relation- 
ships between  redox  equilibria  and  melt 
structure  are  similar  for  alumino- 
silicate  melts  charge-compensated  with 
Ca  and  Mg.  It  appears  that  the  Ca-bear- 
ing  aluminosilicate  melts  show  slightly 
higher  values  of  Fe3  +  /S  Fe  than  Mg- 
bearing  melts  under  otherwise  similar 
conditions.  The  implication  is  that 
magmas  with  higher  Ca/Mg  should  be 
more  highly  oxidized. 

Toward  the  same  end,  Seifert,  Mysen, 
Virgo,  and  Neumann  studied  the  rela- 
tionships between  A1/(A1  +  Si),  degree 
of  polymerization,  and  Fe3  +  /S  Fe  where 
both  Al3+  and  Fe3+  may  be  in  tetra- 
hedral  coordination  and  charge-com- 
pensated with  Mg2  +  .  The  Mossbauer 
spectra  were  consistent  with  octahed- 
rally  coordinated  Fe2  +  and  with  at  least 
most  of  the  Fe3  +  in  a  structural  position 
similar  to  that  of  Al3  +  .  Nearly  linear 
relations  between  Fe3  +  /S  Fe  and  both 
A1AA1  +  Si)  and  NBO/T  were  observed. 
The  redox  ratio  changes  by  about  10% 
per  100°C  and  by  10-20%  within  the 
ranges  of  A1/(A1  +  Si)  and  NBO/T  found 
in  natural  magmatic  liquids.  This  be- 
havior resembles  that  found  in  alumi- 
nosilicate melts  with  Ca2+  to  charge- 


GEOPHYSICAL     LABORATORY 


251 


compensate  for  Al3+  and  Fe3  +  .  They 
conclude,  therefore,  that  the  structural 
roles  of  ferric  iron  and  aluminum  in  al- 
kaline earth  aluminosilicate  melts  are 
relatively  similar,  an  assumption  com- 
monly made  but  not  previously  sub- 
stantiated. 

Inasmuch  as  igneous  processes  often 
take  place  at  high  pressures,  the  effect 
of  pressure  and  temperature  on  redox 
ratios  is  important.  Sodium  disilicate 
was  chosen  to  test  these  effects  by  My- 
sen, Danckwerth,  and  Virgo  because  the 
NBO/Si  of  disilicate  melts  is  similar  to 
that  of  basaltic  rocks.  A  Mossbauer  study 
of  the  structural  roles  of  ferrous  and 
ferric  iron  in  such  melts  as  a  function 
of  pressure  and  iron  content  revealed 
that  tetrahedrally  coordinated  ferric  iron 
becomes  unstable  relative  to  octahed- 
rally  coordinated  ferrous  iron.  This  re- 
duction is  associated  with  changes  in 
the  relative  abundance  of  the  silicate 
structural  units  in  the  melt.  The  im- 
portant result,  that  Fe3  +  /Fe2+  de- 
creases by  more  than  50%  in  the  pressure 
range  between  1  bar  and  10  kbar,  has 
many  petrological  implications.  It  sug- 
gests that  the  pressure-induced  reduc- 
tion of  ferric  iron  will  result  in 
suppressed  stabilities  of  ferric-bearing 
minerals  at  upper  mantle  pressures 
compared  with  near-surface  pressure 
conditions.  Liquidus  minerals  with  var- 
iable Fe3  +  /Fe2+  will  become  more  re- 
duced. These  observations  also  indicate 
that  temperature-oxygen  fugacity  cal- 
ibrations based  on  experimentally  de- 
termined redox  equilibria  at  1  bar  cannot 
be  applied  with  confidence  to  high-pres- 
sure magmatic  processes. 

The  structural  role  of  Al3  +  in  melts 
on  the  join  sodium  disilicate-sodium 
dialuminate  was  studied  by  Mysen, 
Virgo,  and  Seifert  as  a  function  of  pres- 
sure and  temperature.  This  composi- 
tional range  was  chosen  because  the 
NBO/T  is  near  that  of  natural  basaltic 
liquids  and  because  Al  and  Si  represent 
the  main  components  in  the  anionic 
structure  of  natural  magmatic  liquids. 
Under  all  conditions  studied  (1400°- 


1600°C  and  1  bar-30  kbar),  most  of  the 
aluminum  occurs  in  the  three-dimen- 
sional network  units.  Increasing  A1/(A1 
+  Si)  results  in  increasing  relative 
abundance  of  Al-bearing,  three-dimen- 
sional units  and  chain  units  without 
significant  aluminum  content  and  a 
relative  decrease  in  the  abundance  of 
sheet  units.  The  effect  is  more  pro- 
nounced at  30  kbar  than  at  1  bar.  The 
decrease  in  relative  abundance  of  sheet 
units  is  related  to  the  preference  of  Al3  + 
for  the  three-dimensional  units.  The 
relative  abundance  of  chain  (and  less- 
polymerized)  units  increases  in  order  to 
maintain  mass  balance.  This  change  in 
melt  structure  is  also  evident  in  the  li- 
quidus phase  equilibria  near  the  com- 
position join  studied.  The  liquidus  phase 
changes  from  sodium  disilicate  to  so- 
dium metasilicate  and  finally  to  car- 
negieite,  with  increasing  A1/(A1  +  Si) 
and  constant  NBO/T  of  the  bulk  com- 
position. Coexisting  carnegieite  and  so- 
dium metasilicate  on  the  liquidus  in  Al- 
rich  samples  are  also  a  consequence  of 
these  features  of  the  melt  structure.  They 
suggest  that  the  increased  abundance 
of  Al-rich,  three-dimensional,  network 
units  with  increasing  bulk  A1/(A1  +  Si) 
will  result  in  increased  compressibility 
of  the  melts. 

*A  summary  by  Mysen  and  Virgo  of 
the  relationship  between  phase  equilib- 
ria and  metal/silicon  of  binary  metal 
oxide-silica  melts  and  the  relative 
abundance  of  anionic  units  in  the  melts 
shows  that  liquidus  boundaries  of  min- 
erals with  different  degrees  of  poly- 
merization reflect  the  relative 
abundances  of  related  anionic  units  in 
the  melts.  Furthermore,  they  conclude 
that  cations  with  large  field  strength 
will  show  a  preference  for  anionic  units 
with  large  NBO/Si  (e.g.,  monomers)  over 
cations  with  smaller  field  strength.  In- 
congruent  melting  of  Mg  and  Fe  me- 
tasilicates  to  forsterite  or  fayalite  and 
liquid  relates  to  this  cation  preference 
in  the  melt.  Aluminum  in  silicate  liq- 
uids preferentially  substitutes  for  sili- 
con in  highly  polymerized  units  such  as 
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three-dimensional  network  units.  This 
substitution  results  in  a  lowering  of  the 
silica  activity  of  a  melt.  Consequently, 
the  stability  field  of  less-polymerized 
silicate  minerals  tends  to  increase  with 
increasing  alumina  content  of  a  magma. 
This  effect  is  greater  the  higher  the  al- 
kali content  of  the  liquid  because  charge- 
compensation  of  Al3+  in  tetrahedral  co- 
ordination with  alkali  metals  results  in 
less  Al-Si  ordering  in  the  melt  than  when 
alkaline  earths  are  present. 

Element  Partitioning 

The  principles  on  which  much  of 
geothermometry,  geobarometry,  geo- 
chronology,  and  rate  determinations  are 
based  depend  on  accurate  knowledge  of 
the  partitioning  of  elements  or  isotopes. 
Most  previous  investigations  have  been 
on  ascertaining  partitioning  in  natural 
products,  whereas  the  current  need  is 
for  calibration  of  the  effect.  Partition 
coefficients  are  generally  influenced  by 
parameters  such  as  temperature,  pres- 
sure, fugacities  of  the  volatile  constit- 
uents, and  concentrations  of  the  solutes. 
Boctor  continued  his  evaluation  of  the 
factors  that  influence  the  partitioning 
of  Ni  between  olivine  and  iron  sulfide 
melts.  He  finds  that  the  partitioning  of 
Ni  is  strongly  influenced  by  oxygen  fu- 
gacity  and  temperature.  The  partition 
coefficient  decreases  with  increase  in 
oxygen  fugacity  and  increases  with  de- 
crease in  temperature.  The  Ni  content 
of  olivine  coexisting  with  iron  sulfide 
is,  therefore,  an  indicator  of  the  redox 
conditions  under  which  the  two  phases 
equilibrated.  It  is  also  a  potential 
geothermometer  in  cases  where  an  im- 
miscible sulfide  liquid  in  equilibrium 
with  olivine  is  rapidly  quenched  and 
does  not  undergo  low-temperature 
equilibration. 

*The  partitioning  of  Ni  between  iron 
sulfide  and  silicate  liquids  bears  on  the 
origin  of  magmatic  sulfide  ores  and  ap- 
pears to  be  a  controlling  factor  in  the 
distribution  of  transition  metals  in  mafic 
and  ultramafic  rocks.  Boctor  and  Yoder 


investigated  the  partitioning  of  Ni  be- 
tween basaltic  melts  and  iron  sulfide 
melts  at  1300°-1400°C,  under  condi- 
tions in  which  both  the  oxygen  fugacity 
and  the  sulfur  fugacity  were  controlled. 
They  found  that  Ni  strongly  favors  sul- 
fide melts  rather  than  silicate  melts  re- 
gardless of  temperature,  fS2,  or  f02  They 
conclude  that  the  separation  of  a  sulfide 
liquid  from  a  basaltic  magma  would  de- 
plete it  significantly  in  Ni,  particularly 
if  the  sulfide  liquid  separates  from  the 
magma  by  gravity  settling  before  oli- 
vine and  pyroxene  start  to  crystallize 
as  liquidus  phases.  This  observation  is 
particularly  important  because  Ni  con- 
tent has  been  used  as  an  indicator  of 
the  involvement  of  olivine  in  a  frac- 
tionation process. 

*Rare  earth  element  (REE)  partition 
coefficients  between  diopside  and  (H20 
+  C02)  vapor  were  found  by  Mysen  to 
decrease  with  decreasing  temperature, 
increasing  pressure,  and  increasing  H20/ 
C02.  The  pressure  and  temperature  de- 
pendence of  the  partition  coefficients 
become  more  pronounced  with  increas- 
ing water  content  of  the  vapor.  Peri- 
dotite-vapor  bulk  partition  coefficients 
were  calculated  from  the  experimental 
data  and  available  crystal-crystal  REE 
partitioning  data.  In  the  pressure  range 
commonly  considered  for  partial  melt- 
ing in  the  upper  mantle,  the  vapor-per- 
idotite  bulk  partition  coefficient  varies 
between  10  and  1000  depending  on  H20/ 
C02,  pressure,  temperature,  and  man- 
tle mineral  assemblage.  These  data 
suggest  that  the  source  region  of  alkali 
basalt  melt  in  the  upper  mantle  prob- 
ably is  metasomatically  altered.  The 
source  of  vapor  in  the  alteration  process 
could  have  been  garnet  peridotite  with 
an  unfractionated  REE  pattern  and 
chondrite-normalized  REE  abundance 
near  unity.  Garnet  peridotite  nodules 
in  kimberlite  have  been  shown  to  have 
undergone  metasomatic  alteration  to 
produce,  among  other  geochemical  fea- 
tures, strong  light  REE  enrichments. 
The  modal  garnet  content  in  the  source 
of  this  metasomatic  fluid  must  be 
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greater,  and  the  olivine  and  orthopy- 
roxene  content  must  be  lower,  than  those 
of  even  fertile  garnet  peridotite.  These 
important  constraints  are  required  be- 
cause of  the  high  values  of  fluid-bulk 
rock  partition  coefficients  involving  ol- 
ivine and  orthopyroxene  relative  to 
garnet  influence  on  the  fractionation  of 
individual  REE  in  the  coexisting  fluid. 
According  to  Mysen  the  source  would 
have  to  contain  both  garnet  and  clino- 
pyroxene  (eclogite?)  in  the  mineral  as- 
semblage. 

Boctor  and  Yoder  studied  the  distri- 
bution of  REE  in  perovskite  from  mel- 
ilite-bearing  rocks.  This  perovskite  is 
less  enriched  in  REE  and  Nb  relative 
to  perovskite  from  carbonatites  or  kim- 
berlites.  In  its  tendency  to  concentrate 
the  LREE  relative  to  the  HREE,  the 
distribution  of  REE  in  these  rocks  re- 
sembles that  in  perovskite  itself.  The 
enrichment  of  perovskite  in  LREE  is  in 
agreement  with  the  experimental  data 
of  Nagasawa  et  al.  (1981),  who  found 
that  the  partition  coefficient  for  per- 
ovskite liquid  is  higher  for  the  LREE 
(D  «  2)  than  for  the  HREE  (D  -  0.4- 
0.5).  The  distribution  of  REE  in  the  per- 
ovskite rims  on  magnetite  is  similar  to 
that  in  the  discrete  perovskite  crystals 
in  the  groundmass,  and  this  similarity 
suggests  that  the  rims  were  formed  by 
the  reaction  of  magnetite  with  residual 
liquid  from  which  the  discrete  crystals 
formed.  In  addition,  the  low  iron  con- 
tent of  perovskite  indicates  that  it  crys- 
tallized under  conditions  more  reducing 
than  those  at  which  it  forms  in  carbon- 
atites. 


Mineral-Fluid  Equilibria 

In  a  series  of  studies  on  the  solubil- 
ities of  elements  pertinent  to  ore  trans- 
port, Frantz  and  Boctor  have 
concentrated  this  year  on  the  transport 
of  manganese.  Boctor  and  Frantz  in- 
vestigated the  solubility  of  rhodonite, 
MnSi03,  as  represented  by  the  reaction 
rhodonite  +  2HCr^MnCl2°  +  quartz  +  H20 


at  400°-700°C  and  1  kbar.  The  varia- 
tion in  the  molalities  of  hydrogen  chlo- 
ride as  a  function  of  total  dissolved 
manganese  in  their  experiments  sug- 
gests that  manganese  in  the  fluid  is 
predominantly  associated  as  MnCl2°. 
The  solubility  data  were  used  to  cal- 
culate the  equilibrium  constant  for  the 
reaction  involving  rhodonite,  quartz,  and 
hydrogen  chloride.  The  differences  in 
Gibbs  free  energy  of  formation  between 
MnCl2°  and  HC1°  were  determined  as 
functions  of  temperature  and  pressure 
and  were  used  in  conjunction  with  the 
data  of  Boctor  and  Frantz  ( Year  Book 
80,  359-362)  to  calculate  the  solubility 
constants  for  manganese  minerals  for 
which  thermochemical  data  are  avail- 
able. 

The  calculated  solubilities  were  then 
used  by  Frantz  and  Boctor  to  determine 
the  compositions  of  supercritical  chlo- 
ride-bearing fluids  in  equilibrium  with 
pertinent  manganese  mineral  assem- 
blages. Solutions  in  equilibrium  with 
olivines  of  compositions  similar  to  those 
that  occur  in  Mn-rich  skarns  were  found 
to  be  highly  enriched  in  Mn  relative  to 
Fe  and  Mg.  For  magnesian  olivines  con- 
taining up  to  0.9  mol  %  tephroite  in 
solid  solutions,  the  concentrations  of 
MnCl2  in  the  fluid  with  respect  to  Fe 
and  Mg  species  were  also  found  to  be 
highly  concentrated  in  the  fluid  rela- 
tive to  the  solid.  Supercritical  fluids  in 
equilibrium  with  quartz-rhodonite-he- 
matite, an  assemblage  that  is  common 
in  metamorphic  manganese  ores,  were 
also  found  to  be  highly  enriched  in  Mn 
relative  to  iron.  The  concentration  of 
Mn  in  the  fluid  increases  with  a  de- 
crease in  fH2,  whereas  that  of  Fe  tends 
to  increase. 

Important  sources  of  solutions  in  the 
transport  of  ore  minerals  are  rocks  un- 
dergoing devolatilization  as  a  result  of 
metamorphism.  In  the  course  of  devel- 
oping mathematical  models  of  stable 
isotope  fractionation  during  devolatil- 
ization reactions,  Rumble  finds  that 
changing  pressure  has  a  significant  in- 
fluence on  the  path  of  isotope  fraction- 
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ation.  This  result  is  surprising  in  view 
of  the  well-known  experimental  and 
theoretical  conclusion  that  isotope  par- 
titioning between  pairs  of  minerals  is 
independent  of  pressure.  The  key  to  un- 
derstanding the  apparent  discrepancy 
is  to  recognize  that  partitioning  be- 
tween only  a  single  pair  of  minerals  was 
measured.  In  the  models,  however,  as 
in  nature,  isotope  effects  result  from 
fractionation  between  bulk  fluid  and 
bulk  rock.  The  pressure  effect  arises  be- 
cause changing  pressure  causes  changes 
in  the  proportions  of  species  in  meta- 
morphic  fluids.  Such  changes  in  fluid 
species  composition  lead  to  changes  in 
fractionation  between  bulk  fluid  and 
bulk  rock.  With  the  new  polybaric,  po- 
lythermal  models  it  is  now  possible  to 
investigate  the  effects  of  different 
geothermal  gradients  on  stable  isotope 
fractionation  during  metamorphism. 

Crystal  Structures 

Reversible  phase  transitions  are 
common  in  silicate  minerals,  yet  these 
transitions  are  difficult  to  study  be- 
cause they  are  nonquenchable.  In  situ 
experiments  at  either  high  tempera- 
ture or  high  pressure  are  essential, 
therefore,  for  the  identification  and  de- 
scription of  these  phenomena.  More 
useful,  however,  is  the  combined  new 
high-pressure  and  high-temperature 
(PT)  crystallography  technique  for 
measuring  crystal  structures  and  sta- 
bilities under  nonambient  conditions. 

Hazen  and  Finger  used  both  high- 
pressure  and  PT  crystallographic  pro- 
cedures in  their  study  of  gillespite 
(BaFeSi4O10),  which  undergoes  a  first- 
order,  reversible  transition  at  18  kbar. 
Complete  crystal  structures  were  de- 
termined at  0.001,  9,  21,  and  45  kbar, 
and  unit-cell  parameters  were  deter- 
mined under  21  high-pressure  and  PT 
conditions.  Silicate-layer  topology  is 
constant  through  the  transition,  but  the 
coordination  of  barium  increases  from 
8  to  10.  Iron,  which  is  in  perfect  square- 
planar  coordination  in  gillespite-I  (Fe- 


O  =  1.98  A),  is  in  a  flattened  tetrahe- 
dron with  two  additional  long  Fe-0 
bonds  in  gillespite  II.  The  0.5%  volume 
discontinuity  at  the  gillespite  I-II  tran- 
sition is  primarily  the  result  of  the  in- 
creased coordination  of  barium  and  iron. 
The  Clausius-Clapeyron  slope  of  the 
transition  is  27  ±  9  bar/°C,  which  is 
similar  to  the  slope  of  gillespite-I  iso- 
chores.  On  the  basis  of  these  observa- 
tions, the  behavior  of  the  gillespite  I-II 
transition  is  consistent  with  a  geo- 
metrically controlled  phase  transfor- 
mation, in  which  the  size  of  the  barium 
site  is  the  critical  dimensional  factor. 

Sodium  tungstate  perovskite  pro- 
vides another  example  of  the  impor- 
tance of  studying  crystals  under 
appropriate  pressure  and  temperature 
conditions.  The  perovskite  structure, 
which  has  been  proposed  as  a  dominant 
form  for  magnesium  silicates  in  the 
earth's  mantle,  is  subject  to  a  variety 
of  reversible  phase  transitions  at  high 
pressure.  Sodium  tungstate  perovskite 
(Na0.62WO3),  an  analog  of  the  silicate 
perovskites,  was  studied  by  Hazen  and 
Finger  at  several  pressures  to  37  kbar. 
A  polyhedral-tilt  transition,  which  was 
predicted  on  the  basis  of  previous  high- 
temperature  studies,  was  observed  at 
12  kbar.  One  consequence  of  the  tran- 
sition is  that  compressibility  is  greater 
in  the  high-pressure  phase.  It  is  evi- 
dent, therefore,  that  systematic  rela- 
tionships between  density  and  elastic 
properties  may  not  be  useful  in  extrap- 
olating some  properties  of  silicate  per- 
ovskites under  mantle  conditions. 

*  Another  striking  example  of  the  ne- 
cessity of  examining  structures  at  high 
pressures  and  temperatures  simulta- 
neously is  bismuth  vanadate,  BiV04. 
This  material  has  received  considera- 
ble attention  since  the  recent  discovery 
of  a  ferroelastic-paraelastic  phase  tran- 
sition at  high  temperature.  Unit-cell 
parameters  of  BiV04  were  measured  by 
Hazen  and  Mariathasan  under  37  dif- 
ferent PT  conditions,  and  the  variation 
of  these  parameters  was  used  to  deter- 
mine the  compressibility,  thermal  ex- 
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pansion,  and  stability  of  the  two  phases 
of  bismuth  vanadate. 

*An  unanticipated  contrast  resulted 
from  Hazen's  measurement  of  the  unit- 
cell  parameters  of  synthetic  zeolite  4A 
at  several  pressures  to  40  kbar  with  both 
water  and  an  alcohol  mixture  as  hy- 
drostatic pressure  media.  Compression 
in  water  is  normal,  with  no  observed 
phase  transitions  to  40  kbar.  Compres- 
sion in  alcohols,  however,  is  twice  as 
great  as  in  water,  and  three  volume  dis- 
continuities vs.  pressure  are  observed. 
These  transformations  in  alcohol  are 
rapid  with  increasing  pressure,  but 
sluggish  in  reverse.  High-pressure 
phases,  all  of  which  are  dimensionally 
cubic,  are  progressively  more  compress- 
ible at  high  pressure.  In  addition,  the 
preferential  absorption  of  ethanol  over 
methanol  in  the  alcohol  mixture  would 
appear  to  have  extensive  applications. 
These  unusual  high-pressure  phenom- 
ena, which  indicate  significant  and  se- 
lective interactions  between  zeolite  4A 
and  the  hydrostatic  media,  are  consis- 
tent with  differences  in  zeolite  absorp- 
tion of  water  and  alcohols. 

Because  the  interpretation  of  crystal 
properties  depends  principally  on  an  ac- 
curately determined  structure,  refine- 
ments of  the  position  of  ions,  site 
occupancy,  and  bonding  characteristics 
are  continually  being  made  as  tech- 
niques are  improved.  For  example,  Fin- 
ger, Hazen,  and  Hughes  have  refined 
the  structure  of  ilvaite,  CaFe3Si208(OH). 
Although  previous  crystal  structures 
had  been  reported  as  orthorhombic,  they 
find  one  interaxial  angle  of  90.209°;  thus 
the  symmetry  of  their  material  is  no 
higher  than  monoclinic.  Deviations  from 
an  orthorhombic  intensity  distribution 
are  small;  however,  the  refined  struc- 
ture parameters  indicate  significant 
differences  in  average  bond  distances 
between  two  positions  that  would  be  re- 
lated by  symmetry  if  the  structure  were 
orthorhombic.  The  investigators  inter- 
pret these  differences  to  be  the  result 
of  cation  ordering. 

*In  another  example,  a  new  crystal 


structure  refinement  of  bertrandite,  Be4 
Si207(OH)2,  was  undertaken  because 
anomalies  in  heat  capacity  appeared  to 
be  structural  in  origin.  The  results  of 
this  refinement  by  Barton,  Hazen,  and 
Finger  agree  with  the  structure  deter- 
mined by  Solov'eva  and  Belov  (1964). 
In  addition,  lattice-constant  determi- 
nations made  at  high  pressures  in  the 
diamond  cell  are  consistent  with  the 
room-pressure  structure.  Conse- 
quently, the  anomalous  heat-capacity 
effects  do  not  appear  to  be  related  to 
first-order  transitions  in  the  structure 
or  to  intra-crystalline  water. 

Planetary  Gases  at  High  Pressures 

Investigations  of  gases  crystallized  at 
high  pressure  bear  on  models  of  the  in- 
teriors of  the  large  planets  Jupiter, 
Neptune,  and  Uranus.  In  a  joint  study 
with  Dr.  Patrick  Wong  of  the  National 
Research  Council  of  Canada  (Ottawa), 
Xu,  Hoering,  Mao,  and  Bell  employed 
the  fast-Fourier-transform  spectrome- 
ter to  obtain  infrared  spectra  of  liquid 
and  solid  methane  and  carbon  dioxide 
at  high  pressure.  The  Fourier-trans- 
form analysis  of  the  spectra  resulted  in 
excellent  resolution  of  the  methane  and 
carbon  dioxide  bands  in  samples  con- 
tained in  the  diamond-anvil,  high-pres- 
sure cell  at  pressures  up  to  310  kbar. 
The  series  of  spectra  record  their  mo- 
lecular rotation  and  vibrational  behav- 
ior with  change  of  pressure. 

Interpretation  of  the  properties  of 
crystalline  methane  depends  on  the 
analysis  of  apparent  changes  observed 
at  approximately  50  and  100  kbar  and 
293  K.  Zou,  Mao,  and  Bell  studied  the 
polycrystalline  phases  of  methane 
mounted  in  the  diamond- window,  high- 
pressure  cell.  The  structures  obtained 
in  the  range  30-125  kbar  at  293  K  ex- 
hibited different  relationships  than  the 
methane  phases  known  to  exist  under 
low-pressure,  cryogenic  conditions. 

Zou,  Mao,  and  Bell  are  continuing 
their  study  of  crystalline  argon  at  high 
pressure  to  determine  the  equation  of 
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state  and  compare  the  values  with  fun- 
damental theory.  Noble-gas  solids  are 
significantly  more  compressible  than 
most  mineral  phases,  and  thus  data  on 
their  compressibility  are  valuable  in  in- 
terpreting equations  of  state  for  appli- 
cation to  the  study  of  the  interior  of  the 
earth  and  other  planets.  Previous  ex- 
periments with  argon  solidified  at  high 
pressure  were  limited  to  90  kbar  be- 
cause the  integrity  of  single  crystals 
could  not  be  maintained  at  higher  pres- 
sures. The  new  experiments  were  done 
with  solid  polycrystalline  argon,  start- 
ing at  a  pressure  of  approximately  50 
kbar,  to  overlap  with  the  range  of  sin- 
gle-crystal experiments,  and  then  ex- 
tended to  600  kbar  at  293  K.  The  data 
were  reduced  to  fit  an  atomic  potential 
function  with  unusually  high  precision. 
The  Fourier-transform  infrared  ab- 
sorption spectral  shifts  in  solid  carbon 
dioxide  at  high  pressures  were  observed 
by  Xu,  Bell,  and  Mao.  No  phase  changes 
were  observed  in  the  range  6—245  kbar. 
These  data  will  aid  in  the  interpreta- 
tion of  infrared  data  on  planets  and 
comets. 

Biogeochemistry 

The  new  field  of  biogeochemistry  is 
at  that  exciting  stage  when  the  chal- 
lenges are  great  and  every  experiment 
generates  more  questions  than  can  be 
pursued.  The  group  at  the  Geophysical 
Laboratory  have  chosen  several  re- 
search directions  from  the  myriad  of  op- 
portunities. One  general  direction 
involves  the  use  of  stable  isotopes  to 
track  food  pathways  and  identify  en- 
vironmental characteristics.  Another 
direction  involves  characterization  of 
the  simple  reactions  of  amino  acids  and 
sugars — the  browning  reaction  that  is 
apparently  one  of  the  early  steps  in  pro- 
ducing organic  materials  that  are  pre- 
served in  sediments.  A  third  focuses  on 
the  use  of  racemization  phenomena  to 
ascertain  the  stratigraphy  and  geo- 
chronology  of  sediments.  A  fourth  di- 
rection involves  the  structural  analysis, 


by  means  of  hydrous  pyrolysis,  of  the 
components  of  the  natural  organic  ma- 
terials themselves — a  problem  de- 
manding exceptional  imaginative  skill 
and  unusual  perseverance.  Because 
there  are  so  many  other  opportunities 
for  biogeochemical  research,  particu- 
larly as  they  are  also  related  to  ore  de- 
posits, the  need  for  a  major  new 
biogeochemical  laboratory  in  the  United 
States  is  evident. 

Kerogen,  the  complex,  insoluble  or- 
ganic matter  of  sedimentary  rocks,  is 
unstable  and  slowly  transforms  to  more 
stable  products  over  geologic  time.  Some 
facets  of  the  mechanism  of  this  trans- 
formation can  be  studied  in  the  labo- 
ratory by  substituting  elevated 
temperatures  for  long  periods  of  time. 
Hoering  has  reacted  immature  kero- 
gens  with  water  at  330°C  and  produced 
an  assemblage  of  saturated  hydrocar- 
bons having  many  similarities  to  those 
found  in  ancient  petroleums.  When  the 
reaction  was  carried  out  with  heavy 
water  (deuterium  oxide),  hydrocarbon 
molecules  with  as  many  as  14  deuter- 
ium atoms  substituting  for  hydrogen 
were  produced.  From  the  results  of  these 
experiments,  as  well  as  others  in  which 
pure  organic  substances  were  added  to 
the  kerogen  before  heating,  Hoering 
postulates  that  kerogen  produces  hy- 
drogen-free radicals  (free  hydrogen  at- 
oms) that  can  interact  and  exchange 
with  it.  When  alkyl  groups,  which  are 
bonded  into  the  kerogen,  are  split  off 
by  pyrolytic  reactions,  they  can  be  hy- 
drogenated  by  the  hydrogen-free  radi- 
cals to  produce  saturated  hydrocarbons. 
These  experiments  give  some  insight 
into  the  processes  that  produce  petro- 
leum hydrocarbons  from  kerogen  and 
also  help  account  for  the  measured  deu- 
terium-hydrogen ratios  in  petroleums. 
There  is  a  considerable  interchange  of 
hydrogen  between  formation  waters  and 
kerogen  that  greatly  alters  the  hydro- 
gen isotopic  composition  of  the  original, 
biologically  produced  source  material 
of  kerogen.  Thus,  in  contrast  to  stable 
carbon  isotopes,  hydrogen  isotopes  in 
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petroleum  are  not  likely  to  yield  infor- 
mation on  the  source  of  the  organic 
matter. 

Stromatolites  that  form  in  hydro- 
thermal  environments  are  small-scale, 
chemical  and  biological  modern  ana- 
logs of  similar  Precambrian  forma- 
tions. Because  of  the  analogy,  Estep  has 
measured  the  isotopic  composition  of  a 
suite  of  samples  including  stromato- 
lites from  Yellowstone  National  Park. 
Stratiform,  layered  stromatolites  grew 
in  silica-depositing  springs  at  temper- 
atures between  55°  and  70°C;  they  con- 
sisted mainly  of  a  unicellular,  blue-green 
alga  Synechococcus  and  a  filamentous, 
photosynthetic  bacterium,  Chloro- 
flexus.  The  carbon  isotopic  composition 
of  these  thermophiles  becomes  enriched 
in  the  lighter  isotope  as  the  concentra- 
tion of  carbon  dioxide  in  the  effluent 
waters  increases.  Conical  stromatolites 
or  conophytons,  1-4  cm  in  height,  grew 
at  40°-55°C  and  were  composed  pri- 
marily of  the  filamentous,  blue-green 
alga  Phormidium  and  Chloroflexus. 
Young,  small  conophytons  were  domi- 
nated by  Phormidium,  and  the  carbon 
isotope  ratios  varied  similarly  to  those 
of  the  layered,  high-temperature  or- 
ganisms. In  older,  broader  conophy- 
tons, Chloroflexus  was  the  dominant 
organism.  Their  813C  values  were  ap- 
proximately —  18%o  in  a  variety  of  hot 
springs.  In  carbonate-depositing  hot 
springs,  i.e.,  carbon  dioxide  saturated, 
conophytons  consisting  of  a  variety  of 
blue-green  algae  and  photosynthetic 
bacteria  had  the  most  negative  513C 
values  (  — 26%o).  These  carbon  isotope 
ratios  were  comparable  with  carbon  iso- 
tope ratios  of  kerogen  from  Precam- 
brian stromatolites.  Acidophilic  algae 
fractionated  both  carbon  and  hydrogen 
isotopes  to  a  lesser  extent  than  did  the 
photosynthetic  organisms  inhabiting 
springs  with  neutral  pH.  The  hydrogen 
isotope  fractionation  for  each  popula- 
tion was  highly  dependent  on  the  tem- 
perature at  which  individual  species 
were  grown.  For  example,  an  unnamed, 
filamentous  bacterium  that  thrived  at 


85°C  did  not  fractionate  the  hydrogen 
isotopes.  This  information  on  living  or- 
ganisms can  now  be  used  to  interpret 
isotopic  compositions  of  organic  matter 
in  ancient  rocks. 

Macko,  Estep,  and  Lee  have  contin- 
ued to  use  stable  hydrogen  isotope  ra- 
tios as  a  tool  for  tracing  food  webs  (Estep 
and  Dabrowski,  Year  Book  79,  388-390). 
The  green  macro  alga  Ulua  sp.  had  pre- 
viously been  observed  to  have  an  un- 
usual heavy  hydrogen  isotope 
composition;  it  was  more  depleted  in  the 
heavy  isotope  of  hydrogen  than  are  most 
marine  algae.  This  alga,  the  red  alga 
Gelidium  crinale,  or  both,  were  fed  to 
two  species  of  marine  amphipods  dur- 
ing laboratory  culture.  Amphipods  fed 
Gelidium  have  nearly  the  same  hydro- 
gen isotopic  composition  as  did  fresh 
Gelidium.  Animals  raised  on  Ulua, 
however,  were  observed  to  have  an  iso- 
topic composition  60%o  more  enriched 
in  deuterium  than  that  of  the  fresh  alga. 
The  deuterium  content  of  Ulua  changed 
during  decomposition,  owing  to  pro- 
cesses that  favored  the  loss  of  light  hy- 
drogen or  the  exchange  of  heavy 
hydrogen  from  surrounding  water.  The 
stable  hydrogen  isotopic  composition  of 
animals  fed  Ulva  that  had  been  decayed 
in  the  laboratory  reflected  the  isotopic 
change  in  the  food  source,  being  en- 
riched in  deuterium  by  about  60%o. 

Macko,  Estep,  and  Hoering  have  ini- 
tiated a  new  program  on  the  biogeo- 
chemistry  of  the  stable  nitrogen  isotopes. 
The  marine,  blue-green  alga  Anabaena 
sp.  (strain  IF)  was  cultured  in  the  lab- 
oratory with  either  excess  N2  or  nitrate 
as  the  sole  source  of  nitrogen.  In  the 
first  case,  only  a  small  isotope  fraction- 
ation (  — 2.4%o)  was  observed,  a  value 
typical  of  natural  populations  of  nitro- 
gen-fixing blue-green  algae.  A  much 
larger  isotope  fractionation  was  ob- 
served with  nitrate,  where  the  515N  of 
the  total  organic  matter  in  the  cells  was 
10.8  to  13.8%o  lower  than  in  the  source. 
Fractionation  was  observed  to  increase 
with  increasing  cell  density  in  the  cul- 
ture medium.  This  large  isotope  frac- 
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tionation  is  probably  due  to  optimal  rates 
of  reduction  of  nitrate  by  the  enzyme 
nitrate  reductase.  Such  optimal  condi- 
tions normally  do  not  exist  in  the  open 
ocean,  where  inorganic  nitrogen  is  usu- 
ally a  limiting  nutrient.  These  experi- 
ments are  an  important  start  in 
understanding  the  biological  processes 
that  control  the  nitrogen  isotopic  com- 
position of  organic  matter  in  the  oceans 
and  in  sediments. 

Animals  are  generally  enriched  in  15N 
relative  to  their  diet  by  up  to  3%o.  A 
major  pathway  for  nitrogen  metabo- 
lism in  both  plants  and  animals  is  the 
transfer  of  NH3  from  one  amino  acid  to 
another  through  the  enzymatic  process 
of  transamination.  It  has  been  sug- 
gested that  the  transamination  of  amino 
acids  is  the  chief  reason  for  the  isotopic 
enrichment  of  15N  observed  with  in- 
creasing trophic  levels  of  food  chains. 
Macko,  Estep,  Engel,  and  Hare  have 
measured  the  isotope  effects  in  the  con- 
version of  glutamic  acid  and  oxaloace- 
tate  to  aspartic  acid  and  a-ketoglutarate 
by  the  enzyme  transaminase.  The  prod- 
uct, aspartate,  was  depleted  in  15N  by 
8.6%c  on  average.  When  the  reaction  was 
run  in  reverse,  the  glutamic  acid  was 
depleted  in  15N  relative  to  the  aspartic 
acid  by  an  average  of  1.7%o.  These  re- 
sults indicate  that  the  process  of  trans- 
amination of  amino  acids  cannot  be  the 
single  explanation  of  the  isotopic  en- 
richment noted  in  higher  trophic  levels 
of  food  webs.  According  to  Macko  and 
his  colleagues,  the  observed  isotopic 
compositions  of  living  organisms  are 
probably  the  result  of  a  more  complex 
pathway  in  the  metabolism  of  bio- 
logical nitrogen. 

Last  year  Engel  and  Hare  (Year Book 
80,  400-403)  reported  on  a  method  for 
isolating  and  resolving  the  D-  and  L- 
enantiomers  of  the  basic  amino  acids 
with  high-performance  liquid  chroma- 
tography. The  technique  afforded  a 
method  for  the  determination  of  the 
stereochemistry  of  basic  amino  acids  in 
fossil  shells.  To  help  evaluate  the  po- 
tential usefulness  of  the  racemization 


reactions  of  the  basic  amino  acids  for 
geochronological  studies,  Engel  and 
Hare  have  investigated  the  kinetics  of 
racemization  of  arginine  (Arg),  lysine 
(Lys),  and  histidine  (His).  Aqueous  so- 
lutions containing  Arg,  Lys,  and  His 
were  heated  (100°C)  for  up  to  2000  hr. 
The  pH  remained  constant  (7.5)  during 
heating.  Arginine,  His,  and  Lys  fol- 
lowed first-order  reversible  kinetics 
throughout  the  experiments.  Arginine 
racemized  at  a  slower  rate  than  Lys  and 
His.  Arginine,  His,  and  Lys  partially 
decomposed  during  heating.  Ornithine 
(Orn)  was  detected  in  increasing  abun- 
dances after  —100  hr  of  heating. 
Whereas  Orn  is  thought  to  be  derived 
from  the  decomposition  of  Arg,  its  ra- 
cemization rate  was  rapid  (about  an  or- 
der of  magnitude  faster  than  that  of  Arg), 
a  result  indicating  that  either  the  ki- 
netics of  racemization  of  Orn  is  mark- 
edly different  from  that  of  the  other  basic 
amino  acids  or  the  decomposition  re- 
action(s)  leading  to  the  formation  of  Orn 
may  involve  loss  of  asymmetry.  The  in- 
itial findings  that  Arg,  Lys,  and  His 
follow  first-order  reversible  kinetics  in- 
dicate that  the  basic  amino  acids  may 
be  suitable  for  geochronological  stud- 
ies. 

Determination  of  the  occurrence, 
abundance,  and  extent  of  racemization 
of  amino  acids  in  terrestrial  and  extra- 
terrestrial geological  materials  affords 
insight  into  the  origin  and  fate  of  these 
organic  compounds  during  diagenesis. 
Most  organic  matter  in  the  earth's  crust 
consists  of  condensed,  solvent-insolu- 
ble, carbonaceous  material  called  ker- 
ogen.  One  possible  pathway  for  the 
formation  of  kerogen  during  early  di- 
agenesis is  by  way  of  the  condensation 
of  amino  acids  and  carbohydrates. 
Whereas  reducing  sugars  have  a  cata- 
lytic effect  on  the  rate  of  amino  acid 
racemization  in  aqueous  solution,  little 
is  known  about  the  stereochemistry  of 
amino  acids  and  sugars  subsequent  to 
their  condensation  into  insoluble  me- 
lanoidin  polymers.  Engel  and  Hare  have 
initiated  a  series  of  experiments  in  which 
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amino  acids  are  heated  in  the  presence 
of  sugars.  The  mother  solutions  and  re- 
sultant insoluble  polymers  are  ana- 
lyzed for  amino  acid  composition  and 
stereochemistry.  A  mixture  of  three 
amino  acids,  Arg,  His,  and  Lys,  reacted 
rapidly  with  glucose  to  form  insoluble 
melanoidins.  Arginine  decomposed  at 
the  onset  of  polymer  precipitation.  His- 
tidine  and  Lys  followed  first-order  re- 
versible kinetics  in  solution  as  well  as 
in  the  insoluble  polymers.  Whereas  the 
racemization  rate  of  His  in  the  insolu- 
ble polymer  extracts  was  slower  than 
in  aqueous  solution,  multiple  extrac- 
tions of  the  insoluble  polymers  with  HC1 
or  H20,  or  both,  led  to  dramatic  in- 
creases in  His  d/l  values.  Lysine  racem- 
ized  at  a  slightly  faster  rate  in  the 
insoluble  polymers  than  in  the  aqueous 
solutions.  Additional  amino  acids  [or- 
nithine (Orn),  alanine  (Ala),  glycine] 
formed  by  way  of  decomposition  when 
His,  Lys,  and  Arg  were  heated  in 
aqueous  solution  in  the  presence  of  glu- 
cose. The  amino  acid  Orn  followed  ra- 
cemization kinetics  similar  to  that  of 
His  in  the  aqueous  solutions  and  insol- 
uble polymers,  and  Ala  was  entirely  ra- 
cemic  at  the  onset  of  polymer 
precipitation.  These  results  indicate 
different  mechanistic  pathways  for  the 
formation  of  Orn  and  Ala.  The  potential 
for  generating  amino  acids  of  varying 
abundances  and  stereochemistry  dur- 
ing diagenesis  may  lead  to  ambiguous 
results  for  geochronological  studies 
based  entirely  on  racemization  rates. 

Many  investigators  have  been  and  are 
now  undertaking  to  elucidate  the  ef- 
fects of  peptide  sequence  on  amino  acid 
racemization  rates,  and  to  assess  the 
importance  of  these  reactions  with  re- 
spect to  geochronological,  nutritional- 
biochemical,  and  peptide-hormone 
structure  function  studies.  For  the  past 
few  years,  Engel  has  been  evaluating 
the  effect  of  peptide  sequence  on  the 
extent  of  racemization  of  the  amino  acid 
constituents  of  a  series  of  a-melanocyte 
stimulating  hormone  (a-MSH)  analogs. 
These  initial  studies  led  to  the  synthe- 


sis of  the  most  biologically  active  a-MSH 
analog  known  to  date.  As  a  result  of  the 
development  of  routine  procedures  for 
the  resolution  of  the  D-  and  L-enantiom- 
ers  of  basic  amino  acids  (Engel  and  Hare, 
Year  Book  80,  400-403)  Engel  ex- 
panded his  study  of  a-MSH  and  a-MSH 
peptide  fragments  to  include  Lys,  His, 
and  Arg.  Samples  of  a-MSH  as  well  as 
peptide  fragments  of  a-MSH  and  [Nle4]- 
a-MSH  were  exposed  to  mild  heat-al- 
kali treatment  (0.1  N  NaOH,  100°C,  10 
min)  to  induce  partial  racemization.  In 
addition,  free  Lys,  His,  and  Arg  (l  form) 
were  exposed  to  heat-alkali  treatment. 
Free  Lys,  His,  and  Arg  did  not  racemize 
during  heat-alkali  treatment.  Lysine, 
whether  present  in  an  internal  position 
or  an  N-terminal  position,  was  also  re- 
sistant to  racemization  under  the  con- 
ditions employed.  Histidine  was 
susceptible  to  similar  partial  racemi- 
zation in  internal  positions  as  well  as 
in  the  C-terminal  position.  Arginine  ra- 
cemized  at  a  rate  similar  to  that  of  His 
in  internal  positions.  These  experi- 
ments demonstrate  the  feasibility  of  as- 
sessing the  rate  of  racemization  in  C- 
and  N-terminal  positions  as  well  as 
evaluating  the  structural  integrity  of 
peptides  during  heat-alkali  treatment. 

New  Apparatus  and  Techniques 

Several  new  techniques  have  been 
developed  that  bring  closer  the  goals  of 
measuring  elastic  properties  of  miner- 
als at  high  pressures,  compressing  hy- 
drogen gas  to  over  1  Mbar,  and 
minimizing  the  interferences  of  fluo- 
rescence in  the  Raman  study  of  silicate 
liquids. 

*To  obtain  physical  data  on  minerals 
and  solidified  gases  at  high  pressure, 
Bell  and  Mao  have  constructed  a  Bril- 
louin-scattering  apparatus.  Brillouin 
scattering  is  measured  by  means  of  an 
ultrastable  laser  system  that  incorpo- 
rates a  five-pass,  Fabry-Perot  interfer- 
ometer. Data  from  gases  can  be  used  to 
formulate  the  equation  of  state  needed 
for  modeling  planetary  interiors.  Elas- 
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tic  properties  of  high-pressure  mineral 
phases  can  be  correlated  with  the  known 
seismic  data  to  deduce  the  kind  and  pro- 
portion of  minerals  in  the  mantle  and 
core. 

In  the  past  few  years,  techniques  in- 
volving the  diamond-window,  high- 
pressure  cell  have  been  developed  at  the 
Geophysical  Laboratory  to  study  crys- 
tallized samples  of  hydrogen  to  pres- 
sures of  approximately  700  kbar.  Great 
difficulty  was  experienced  in  raising 
hydrogen  and  other  weak,  compressible 
solids  to  higher  pressures.  A  new  design 
by  Mao  and  Bell  of  the  diamond-anvil 
and  sample-gasket  components  of  the 
pressure  cell  has  resulted  in  pressuri- 
zation  of  hydrogen  to  1  Mbar.  At  this 
pressure  hydrogen  is  transparent  and 
does  not  undergo  a  transition  to  the  me- 
tallic state. 

*  Gases  have  been  introduced  into  the 
sample  chamber  of  the  diamond-win- 
dow, high-pressure  cell  by  liquefying 
them  at  low  temperature.  A  new  design 
was  constructed  by  Bell  and  Mao  to  liq- 
uefy gases  at  high  pressures  of  2-4  kbar, 
so  they  can  be  pumped  into  the  sample 
chamber  of  the  pressure  cell  at  room 
temperature.  The  apparatus  consists  of 
a  cylinder  into  which  the  diamond  cell 
is  placed.  The  cylinder  is  filled  with 
compressed  fluid  (hydrogen,  helium, 
noble  gases,  and  other  gases),  and  the 
cell  is  sealed  shut  by  means  of  an  ex- 
ternally operated  system.  This  simple 
filling  technique  results  in  much  less 
loss  of  gas  than  the  cryogenic  system 
previously  employed. 

A  secondary  calibration  of  the  pres- 
sure in  the  diamond-anvil,  high-pres- 
sure cell  was  undertaken  by  Zou,  Bell, 
and  Mao.  The  molar  specific  volume  of 
silver  was  measured  by  x-ray  diffrac- 
tion up  to  600  kbar  and  compared  with 
shifts  of  the  ruby  fluorescent  Rx  line. 
The  hydrostatic  calibration  in  argon  lies 
at  slightly  higher  pressure  than  the 
nonhydrostatic  calibration  where  silver 
itself  is  the  pressure  medium.  The  pres- 
sure difference  was  8  kbar  at  the  max- 
imum pressure. 


Raman  spectroscopy  has  been  shown 
to  be  a  useful  tool  in  understanding  sol- 
ute speciation  in  supercritical  aqueous 
fluids  and  the  structure  of  silicate  glasses 
and  melts.  The  usefulness  of  the  tech- 
nique, however,  is  highly  dependent  on 
the  quality  of  the  measured  spectra.  In- 
terferences arising  from  fluorescence  and 
blackbody  radiation  may  distort  or  even 
completely  obscure  bands.  Even  for  the 
most  intense  bands,  complicated  back- 
grounds contributed  by  these  interfer- 
ences make  decon volution  of  the  spectra 
difficult.  Frantz,  Virgo,  and  Mysen  re- 
port that  the  effects  of  these  interfer- 
ences are  greatly  reduced  or  even 
eliminated  by  time-lapse  spectroscopy, 
in  which  a  mode-locked,  argon-ion  laser 
with  a  synchronously  pumped,  cavity- 
dumped  dye-laser  is  used. 

*Chromatographic  separation  of  dis- 
solved amino  acids  is  now  well  estab- 
lished, but  improvements  in  technique 
are  still  desirable.  St.  Johnf  and  Hare 
have  undertaken  syntheses  of  polysty- 
rene-based, cation-exchange  resins. 
They  showed  that  the  type  and  inten- 
sity of  the  chemical  treatments  used  to 
attach  the  sulfonic  acid  to  the  polysty- 
rene polymer  matrix  have  a  distinct  in- 
fluence on  the  ability  of  the  cation- 
exchange  resin  to  resolve  specific  amino 
acids.  Mild  sulfonation  conditions,  such 
as  low  temperatures  and  dilute  re- 
agents, resulted  in  cation  exchangers 
that  separated  the  amino  acid  pairs  gly- 
cine-alanine and  tyrosine-phenylala- 
nine while  failing  to  separate  the  pair 
threonine-serine.  Conversely,  extreme 
conditions  such  as  high  temperatures 
and  concentrated  reagents  produced  ca- 
tion exchangers  that  resolved  threo- 
nine and  serine  but  failed  to  completely 
resolve  glycine-alanine  and  tyrosine- 
phenylalanine. 

*The  development  of  a  new,  aqueous 
chiral  mobile  phase,  Cu(N,  N-di-n-pro- 
pyl-L-alanine)2,  for  the  high-perfor- 
mance     liquid      chromatographic 


tPeter  St.  John,  Baxter-Travenol  Laboratories, 
Inc. 


GEOPHYSICAL     LABORATORY 


261 


separation  of  D-  and  L-amino  acid  en- 
antiomers  has  recently  been  reported 
by  Weinstein  et  al.  (1982).  Engel  and 
Hare  have  successfully  used  this  chiral 
mobile  phase  to  separate  dipeptides  with 
one  asymmetric  center,  e.g.,  glycyl-D- 
alanine  and  glycyl-L-alanine.  Whereas 
the  a-protons  of  glycine  may  not  be 
equivalent,  additional  experiments  with 
nonchiral  and  optically  inactive  mobile 
phases  did  not  result  in  the  separation 
of  glycyl-L-alanine  and  glycyl-D-ala- 
nine.  This  observation  indicates  that  the 
dipeptides  behave  like  enantiomers. 
Differences  in  elution  sequence  of  some 
of  the  dipeptide  enantiomers  may  il- 
luminate the  mechanisms  of  chiral  rec- 
ognition that  result  in  the  high- 
performance  liquid  chromatographic 
separation  of  amino  acid  and  dipeptide 
enantiomers  with  chiral  mobile  phases. 

Hatten  S.  Yoder,  Jr. 
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PETROLOGY  OF  THE   MANTLE 


Low-Calcium  Garnets:  Keys  to 

Craton  Structure  and  Diamond 

Crystallization 

F.  R.  Boyd  and  J.  J.  Gurney* 

The  abundant  garnet  crystals  that  can 
be  found  in  most  kimberlite  concen- 
trates have  special  interest  because  their 
varieties  of  chemical  composition,  mor- 
phology, and  color  reflect  their  different 
environments  of  crystallization.  For  ex- 
ample, Cr-rich  pyrope  crystals  that  are 
low  in  calcium  are  confined  to  kimber- 
lites  that  have  been  erupted  within  the 

""Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  79-24567. 


boundaries  of  cratons  in  southern  Af- 
rica. These  garnets  are  believed  to  have 
come  from  harzburgites  and  dunites  that 
were  largely  disaggregated  during 
eruption.  The  harzburgites  and  dunites 
with  low-Ca  pyropes  are  especially 
strongly  depleted  in  basaltic  constitu- 
ents, and  these  rocks  may  be  prominent 
constituents  in  the  roots  of  cratons.  Pos- 
sibly they  have  also  been  hosts  for  the 
crystallization  of  many  diamonds. 

In  natural  lherzolites,  garnets  crys- 
tallized in  equilibrium  with  diopside 
usually  contain  4-6  wt  %  CaO,  com- 
parable to  the  composition  shown  for 
the  three-phase  garnet  in  Fig.  1.  In 
diopside-free  harzburgite  assemblages, 
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however,  the  composition  of  the  garnet 
can  have  any  value  in  the  range  from 
pure  pyrope  to  solid  solutions  with  Ca 
contents  typical  of  lherzolite  garnets 
(Fig.  1).  A  complication  to  these  rela- 
tions is  that  analyses  of  garnets  in  nat- 
ural lherzolites  have  a  positive 
correlation  in  the  concentrations  of  Ca 
and  Cr,  forming  what  has  become  known 


Al203 


1200°  C 
30  Kb 


CaSiO 


MgSiO, 


Fig.  1.  Experimental  determination  of  the  phase 
relations  in  the  system  CaSiO,rMgSi03-Al203  at 
1200°C  and  30  kbar  (Boyd,  1970).  Py,  pyrope;  En, 
enstatite;  Di,  diopside;  Gr,  grossularite. 


as  the  "lherzolite  trend"  (Sobolev  et  al., 
1973). 

Low-Ca  garnets,  found  in  concen- 
trates of  some  kimberlites  (Gurney  and 
Switzer,  1973),  contain  substantial 
Cr203,  indicating  that  they  probably 
crystallized  from  bulk  compositions 
typical  of  peridotite  rather  than  eclo- 
gite.  Their  low  Ca  contents  suggest  a 
harzburgite  paragenesis.  These  garnets 
are  compositionally  similar  to  the  mi- 
nute garnet  crystals  that  occur  as  in- 
clusions in  diamonds  (Meyer  and  Boyd, 
Year  Book  68;  Gurney  et  al.,  1979),  but 
the  grain  size  of  concentrate  garnets  is 
commonly  more  than  an  order  of  mag- 
nitude larger  than  the  inclusions,  and 
hence  it  is  unlikely  that  they  ever  ac- 
tually were  contained  in  diamonds. 

In  southern  Africa  there  is  a  remark- 
able correlation  in  the  occurrence  of 
these  low-Ca  garnets  with  the  bound- 
aries of  the  Kaapvaal  and  Rhodesian 
cratons  (Fig.  2).  Results  obtained  from 
this  investigation  and  from  earlier 
studies  at  Cape  Town  (Gurney,  unpub- 
lished) show  that  virtually  all  kimber- 
lites that  erupted  within  the  boundaries 
of  the  craton  contain  low-Ca  garnets, 


Fig.  2.  Map  showing  cratons,  mobile  belts,  and  locations  of  kimberlites  for  which  data  on  concen- 
trate garnets  have  been  obtained. 
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whereas  these  minerals  have  not  been 
found  in  kimberlites  that  erupted  in 
mobile  belts  peripheral  to  the  craton, 
on  the  southeast,  south,  and  west.  Low- 
Ca  garnets  do  occur  in  kimberlites  in 
the  Limpopo  mobile  belt  between  the 
Kaapvaal  and  Rhodesian  cratons  (Fig. 
1),  but  this  belt  is  much  older  than  those 
to  the  south  and  west  of  the  Kaapvaal 
craton.  Duringthe  last  1.8  b.y.,  the  Kaap- 
vaal and  Rhodesian  cratons  have  been 
combined  in  a  single  structural  unit  that 
includes  the  Limpopo  belt  (Clifford, 
1970). 


The  occurrence  of  coarse  diamonds  in 
the  kimberlites  of  southern  Africa 
largely  mirrors  the  occurrence  of  the 
low-Ca  garnets.  Not  all  kimberlites 
erupted  within  the  boundaries  of  the 
craton  contain  diamonds  in  commercial 
concentrations,  but  most  contain  at  least 
a  trace.  Kimberlites  in  the  mobile  belts 
to  the  south  and  west  of  the  craton  are 
lacking  in  diamonds. 

The  compositional  relations  of  the  low- 
Ca  garnets  suggest  that  if  they  were 
contained  in  rocks  rather  than  magmas 
at  the  time  of  eruption,  the  rocks  were 
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Fig.  3.  Plots  of  CaO  against  Cr203  for  suites  of  peridotite  garnets  picked  from  heavy  mineral 
concentrates  of  four  kimberlites.  Each  suite  contains  approximately  100  garnets  (selected  to  have  a 
bluish  tinge)  with  a  grain  size  of  1-3  mm.  The  Clarkton  and  Ramatseliso  kimberlites  are  in  East 
Griqualand,  southeast  of  the  craton,  whereas  the  Bultfontein  and  Bobbejaan  kimberlites  are  in  and 
near  Kimberley,  on  the  craton  (Fig.  2). 
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diopside-free,  strongly  depleted  harz- 
burgites  and  dunites  (e.g.,  Danchin  and 
Boyd,  Year  Book  75,  534).  The  relative 
abundances  of  the  garnets  in  concen- 
trates indicates  that  such  extremely  de- 
pleted rocks  might  compose  10-15%  of 
the  root  of  the  Kaapvaal-Rhodesian 
craton. 

Chemical  Variations 

Analytical  data  obtained  for  suites  of 
approximately  a  hundred  Cr-pyrope 
grains,  each  suite  for  a  separate  kim- 
berlite,  show  a  positive  correlation  for 


CaO  plotted  against  Cr203  but  with 
substantial  scatter  (Figs.  3-5).  Data 
points  group  only  along  the  Ca-Cr  trends 
for  garnet  suites  from  kimberlites  that 
lie  in  the  southern  and  western  mobile 
belts  such  as  the  Clarkton  and  Ramat- 
seliso  pipes  (Fig.  3)  and  the  Grundoorn 
A  and  Hanaus  1  pipes  (Figs.  4,  5).  In 
suites  from  within  the  boundaries  of  the 
Kaapvaal-Rhodesian  craton,  however, 
there  are  characteristically  a  substan- 
tial number  of  garnets  that  contain 
markedly  less  CaO  than  the  majority 
of  grains  that  plot  along  the  trends. 
These  low-Ca  garnets  are  clearly  dis- 
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Fig.  4.  Plots  of  CaO  against  Cr203  for  suites  of  peridotite  garnets.  The  Grundoorn  A  pipe  is  in 
southwest  Africa,  west  of  the  Kaapvaal  craton;  the  Zeekoegat  kimberlite  is  in  East  Griqualand, 
southeast  of  the  craton;  the  Letlhakane  DKI  pipe  is  on  the  border  of  Limpopo  mobile  belt  with  the 
Rhodesian  craton;  the  De  Beers  pipe,  at  Kimberley,  is  on  the  craton  (Fig.  2).  The  curve  labeled  GA 
is  calculated  by  the  method  of  Kermack  and  Haldanae  (1950)  for  the  Grundoorn  A  suite  and  is 
reproduced  for  comparison  in  the  other  plots. 
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tinguished  in  plots  for  the  Bultfontein 
and  De  Beers  pipes  at  Kimberley,  the 
Bobbejaan  kimberlite  in  the  Bellsbank 
fissures  (Figs.  3,  4),  and  the  Pipe-200 
and  Sekameng  kimberlites  in  northern 
Lesotho  (Fig.  5). 

The  Ca-Cr  trends  found  in  plots  for 
these  peridotite  garnets  are  broadly 
similar  to  the  aforementioned  "lherzo- 
lite  trend"  obtained  for  Yakutian  gar- 
nets by  Sobolev  et  al.  (1973),  but  differ 
for  individual  kimberlites,  and  the  dif- 
ferences are  most  pronounced  between 
kimberlites  that  are  on  the  craton  and 
those  from  the  southern  and  western 
mobile  belts.  The  variations  in  the  Ca- 


Cr  trends  for  the  lherzolite  garnets  (Figs. 
3-5)  must  reflect  differences  in  the 
chemical  or  physical  conditions  of  crys- 
tallization, but  the  specific  cause  of  the 
variations  is  not  apparent. 

The  abundance  of  low-Ca  garnets 
varies  widely  in  kimberlites  erupted 
within  the  craton  boundaries.  Over  a 
third  of  the  garnets  in  the  Sekameng 
suite  are  low-Ca  (Fig.  5),  and  there  is 
a  pronounced  bimodal  distribution.  Few 
low-Ca  garnets  have  been  found,  how- 
ever, at  the  nearby  Pipe-200  kimberlite 
(Fig.  5).  The  abundance  of  low-Ca  gar- 
nets in  the  De  Beers  and  Bultfontein 
kimberlites  is  about  15%,  but  the  data 
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Fig.  5.  Plots  of  CaO  against  Cr203  for  additional  suites  of  peridotite  garnets.  The  Hanaus  1  and 
Louwrensia  pipes  are  near  Gibeon,  southwest  Africa;  the  Sekameng  and  Pipe-200  kimberlites  are  in 
northern  Lesotho. 
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points  scatter  with  decreasing  fre- 
quency to  decreasing  calcium  concen- 
tration with  no  sign  of  a  bimodal 
distribution  (Figs.  3,  4). 

Source  of  Low -Calcium  Garnets 

The  rarity  of  peridotite  xenoliths  con- 
taining low-Ca  garnets  suggests  that 
most  mineral  assemblages  with  such 
garnets  also  contained  a  volatile-bear- 
ing liquid  or  crystalline  phase  whose 
decomposition  during  eruption  caused 
them  to  be  disaggregated.  Low-Ca  gar- 
nets might  have  crystallized  with  a 
diopside-free  assemblage  in  kimberlite 
magma  (Harte  et  al.,  1980).  A  serious 
difficulty  with  this  hypothesis  is  that, 
in  the  case  of  southern  Africa,  it  fails 
to  account  for  the  restriction  in  occur- 
rence of  the  low-Ca  garnets  to  kimber- 
lites  within  the  Kaapvaal-Rhodesian 
craton.  There  is  no  obvious  chemical 
difference  between  the  kimberlites 
erupted  in  the  craton  and  those  erupted 
in  the  southerly  mobile  belts  that  could 
result  in  the  restriction  in  garnet  oc- 
currence. Moreover,  there  is  no  differ- 
ence in  morphology  between  garnets 
plotting  on  the  lherzolite  trend  (xeno- 
crysts)  and  associated  low-Ca  garnets 
(phenocrysts?). 

An  alternative  hypothesis  is  that  low- 
Ca  garnets  have  crystallized  in  harz- 
burgites  and  dunites  and  that  the  oc- 
currence of  such  rocks  is  mainly 
restricted  to  the  roots  of  cratons,  at 
depths  within  the  diamond  stability 
field.  If  so,  the  volatile  agent  that  has 
usually  disrupted  these  rocks  during 
kimberlite  eruption  may  have  been  a 
crystalline  carbonate. 

Magnesite  solid  solution  is  believed 
to  be  the  stable  carbonate  under  sub- 
solidus  conditions  in  the  mantle  at 
depths  greater  than  about  100  km  (Eg- 
gler  and  Baker,  1982).  The  solid  solu- 
tion of  CaC03  in  MgC03  will  be  less 
than  10  mol  %  at  equilibration  tem- 
peratures below  1100°C,  characteristic 
of  coarse  peridotites  (Irving  and  Wyllie, 
1975). 


Eggler  (Year  Book  74,  473)  and  Wyl- 
lie (1978;  personal  communication,  1982) 
have  suggested  that  rapid  reaction  or 
decomposition  of  carbonate  is  the  rea- 
son for  the  general  absence  of  primary 
carbonate  in  xenoliths  of  mantle  origin. 
It  is  possible  that  dissemination  of  small 
amounts  of  magnesite  has  caused  wide- 
spread disruption  of  mantle  rocks  in- 
cluded in  kimberlites.  The  average 
volume  of  disaggregated  xenocrysts  in 
kimberlite  is  at  least  several  orders  of 
magnitude  larger  than  the  volume  of 
coherent  mantle  rocks.  The  source  of 
volatile  constituents  that  may  have 
caused  crystallization  of  both  magne- 
site and  phlogopite  at  depth  may  have 
been  magmatic  fluids  from  the  asthen- 
osphere.  The  preferential  disaggrega- 
tion of  the  (hypothetical)  depleted 
peridotites  containing  low-Ca  garnets 
is  suggested  to  have  been  a  consequence 
of  their  localization  in  the  roots  of  cra- 
tons where  they  were  especially  ex- 
posed to  the  introduction  of  carbonate 
from  the  asthenosphere. 

The  minerals  in  assemblages  that  in- 
clude low-Ca  garnets  are  extremely 
magnesian.  If  they  have  equilibrated  in 
rocks  rather  than  as  phenocrysts  and  if 
these  rocks  are  residua,  they  must  have 
been  especially  strongly  depleted.  Oli- 
vines in  harzburgites  containing  low- 
Ca  garnets  from  the  Premier  mine  have 
Mg/(Mg  +  Fe)  of  0.943  (Danchin,  1979). 
The  average  value  of  MgAMg  +  Fe)  for 
olivines  in  olivine  +  low-Ca  garnet  pairs 
of  diamond  inclusions  from  the  Finsch 
mine  is  0.941.  These  olivines  are  more 
magnesian  than  most  of  those  found  in 
other  rocks  that  have  been  interpreted 
to  have  a  residual  origin. 

Ringwood  (1977)  has  proposed  that 
the  harzburgite  assemblages  associated 
with  low-Ca  garnets  and  diamonds 
originated  by  subduction  of  oceanic  cu- 
mulates. The  most  magnesian  olivines 
in  such  cumulates  have  compositions  in 
the  range  Fo90_80  (Coleman,  1977),  but 
Ringwood  suggested  that  partial  melt- 
ing accompanied  by  metamorphic  re- 
equilibration  at  depth  in  the  mantle  de- 
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pleted  the  cumulates  and  formed  the 
assemblage  of  forsterite  +  enstatite  + 
low-Ca  garnet  +  chromite  that  is  com- 
monly found  in  diamond  inclusions. 

The  restriction  in  occurrence  of  these 
hypothetical  diamondiferous  and  gar- 
net-bearing harzburgites  to  cratons  in 
southern  Africa  might  be  the  product 
of  Precambrian  subduction  whereupon 
the  present-day  mobile  belts  are  the 
residues  of  unsubducted  oceanic  crust 
(Matthews,  1972).  Accretion  of  sub- 
ducted ultramafic  cumulates  or  tecton- 
ites  to  craton  roots  might  have  occurred 
in  a  manner  analogous  to  the  under- 
plating  of  the  Andean  root  by  the  sub- 
ducted Nazca  plate  (Sacks,  1981). 
Speculatively,  it  is  suggested  that  these 
hypothetical,  strongly  depleted  harz- 
burgites might  be  the  residues  of  ko- 
matiite  formation.  Significantly, 
komatiites  are  also  restricted  to  the 
cratons  in  southern  Africa. 
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Mineral  Intergrowths  with 

polycrystalline  diamonds  from 

the  Orapa  Mine,  Botswana 

J.  J.  Gurney  and  F.  R.  Boyd 

The  mode  of  formation  of  natural  dia- 
mond is  very  much  a  contentious  issue. 
Recent  investigations  suggest  an  intri- 
guing and  complex  picture  with  no 
clearly  unifying  pattern.  These  devel- 
opments include:  (1)  diamonds  in  Cre- 
taceous kimberlites  may  have  formed 
during  Archean  times  (Kramers,  1979; 
Melton  and  Giardini,  1980),  (2)  dia- 
monds in  mineable  quantities  are  pres- 
ent in  leucite  lamproites  in  Australia, 

(3)  continuing  scattered  reports  are  made 
of  diamond  finds  in  other  volcanic  rocks 
and  in  mantle  peridotite  that  has  been 
tectonically  emplaced  in  the  crust,  and 

(4)  accounts  of  diamond  in  xenoliths  of 
eclogite  and  peridotite  in  kimberlite  are 
now  better  documented  (Reid  et  al.,  1976; 
Shee  et  al.,  1982).  Continuing  debate 
between  proponents  of  mantle-melting 
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processes  for  diamond  genesis  (e.g., 
Harte  et  al.,  1980)  and  those  suggesting 
a  residual  subsolidus  origin  (e.g.,  Ring- 
wood,  1977;  Boyd  and  Finnerty,  1980) 
illustrates  the  current  dilemma. 

Studies  of  rare  specimens  of  poly- 
granular  diamond  intergrown  with  other 
minerals  might  clarify  this  problem. 
These  intergrowths  are  especially 
abundant  in  the  Orapa  kimberlite,  a 
mine  where  up  to  five  million  carats  of 
diamonds  have  been  produced  an- 
nually. Many  of  the  Orapa  diamonds 
that  form  single  crystals  contain  inclu- 
sions of  garnet  of  eclogitic  character, 
and  diamondiferous  eclogite  xenoliths 
have  also  been  found  at  Orapa  (Shee, 
1978;  Shee  and  Gurney,  1977;  Haw- 
thorne et  al.,  1978).  This  investigation 
was  stimulated  by  the  observation  of 
orange  (eclogitic)  garnets  in  poly  gran- 
ular diamond  aggregates,  a  feature  that 
would  appear  to  link  the  inclusions  in 
single  diamond  crystals  with  the  eclo- 
gite xenoliths.  The  diamond  crystal- 
lites in  the  aggregates  are  usually 


uniform  in  size  in  individual  samples 
but  show  a  wider  range  of  sizes  from 
specimen  to  specimen.  If  the  crystal- 
lites are  smaller  than  1  mm,  the  ag- 
gregates are  from  gray  to  silver  in  color 
and  have  a  metallic  luster;  these  are 
called  framesite.  More  coarse-grained 
aggregates  in  which  individual  dia- 
mond crystals  are  readily  discernible  to 
the  naked  eye  are  called  PCA  (poly- 
crystalline  aggregates). 

Vugs  are  common  in  framesite  and 
are  also  less  commonly  found  in  speci- 
mens of  PCA.  These  cavities  contain 
secondary,  alteration  minerals  and,  less 
commonly,  mantle  silicates,  particu- 
larly garnets.  The  diamond  crystallites 
that  form  the  walls  of  the  vugs  have 
well-preserved  growth  features.  Smooth, 
flat  octahedral  faces  are  common,  and 
crystal  faces  are  bounded  by  sharp  edges 
with  little  sign  of  rounding  due  to  re- 
sorption. Surface  features  and  crystal 
forms  due  to  resorption  such  as  etch  pits 
and  tetrahexahedroids  (Robinson,  1980) 
are  rare. 


Fig.  6.  A  dendritic  core  of  polycrystalline  diamond  overgrown  with  more  coarsely  crystalline  dia- 
mond with  an  outer,  partial  shell  in  the  form  of  a  single  octahedron. 
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Some  PCA  specimens  have  dark  in- 
teriors that  appear  to  be  framesite.  One 
broken  stone  revealed  a  nucleus  of  fra- 
mesite overgrown  by  coarser  diamond, 
overgrown  in  turn  by  a  skin  of  diamond 
conforming  to  a  single  octahedral  shape 
(Fig.  6). 

A  parcel  of  industrial-quality  dia- 
monds from  Orapa  was  examined,  and 
specimens  of  polycrystalline  aggre- 
gates intergrown  with  other  minerals 
were  selected.  To  date,  49  garnets,  6 
chromites,  5  clinopyroxenes,  and  5  ru- 
tiles  have  been  discovered  and  ana- 
lyzed. The  preponderance  of  garnet  and 
the  scarcity  of  other  silicates  is  most 
likely  a  consequence  of  resistance  to  al- 
teration. The  diamonds  recovered  from 
Orapa  at  the  present  time  come  from 
the  epiclastic  zone  of  the  kimberlite 
where  very  few  primary  silicate  and  ox- 
ide minerals  have  survived  alteration. 
The  samples  studied  have  also  been 
through  the  cleaning  process  in  the  dia- 
mond-recovery plant  at  the  mine  that 
utilizes  hydrofluoric  acid.  Garnet  is  more 


likely  to  survive  such  treatment  than 
most  other  minerals  of  mantle  origin. 

Mineral  Chemistry 

The  garnets  show  a  wide  range  of 
compositions,  from  approximately  40% 
to  70%  pyrope,  with  compensatory 
change  in  almandine  component  (13- 
32%)  and  the  balance  being  grossular 
(Table  1;  Fig.  7).  The  garnets  in  the 
framesite  and  PCA  are  similar  in  com- 
position to  those  that  form  inclusions 
in  Orapa  diamonds,  both  in  major  ele- 
ments and  in  Ti02,  MnO,  Cr203,  and 
Na20.  The  magnesian  compositions  ap- 
pear to  be  more  common  in  the  fra- 
mesite, however,  whereas  the  iron-rich 
compositions  tend  to  predominate  in 
single  crystals  and  in  the  PCA. 

The  garnet  populations  define  com- 
positional bands  that  have  approxi- 
mately constant  calcium  contents  for 
Mg-rich  specimens  (Fig.  7).  The  Mg-rich 
segments  of  the  trends  probably  reflect 
equilibria  in  the  three-phase  assem- 
blage Opx-Cpx-Gar.  Coexisting  pairs  of 


TABLE  1.  Electron  Microprobe  Analyses  of  Garnets  from  Orapa  Diamond  Aggregates 


JJG036* 

JJG063  JJG067  JJG081  JJGO106  JJG042  JJG064  JJG071  JJG072  JJG074 

Si02 

42.40 

40.19 

41.05 

42.39 

41.17 

41.36 

39.90 

40.22 

42.38 

42.08 

Ti02 

0.38 

0.26 

0.16 

0.21 

0.39 

0.21 

0.32 

0.25 

0.45 

0.41 

A1203 

22.21 

22.38 

23.34 

20.67 

22.71 

22.99 

22.17 

22.26 

23.48 

23.20 

Cr203 

0.12 

0.09 

0.08 

4.54 

0.07 

0.12 

0.06 

0.05 

0.05 

0.26 

FeO 

11.25 

20.54 

14.74 

7.24 

17.77 

15.33 

19.90 

20.65 

10.59 

11.82 

MnO 

0.36 

0.46 

0.36 

0.36 

0.38 

0.36 

0.42 

0.47 

0.33 

0.39 

MgO 

18.95 

12.48 

16.11 

21.79 

10.72 

16.18 

10.00 

10.97 

21.04 

18.25 

CaO 

4.25 

4.44 

5.77 

4.21 

8.18 

4.65 

7.67 

5.89 

2.70 

4.83 

Na20 

0.06 

0.10 

0.06 

0.04 

0.13 

0.07 

0.11 

0.07 

0.13 

0.09 

Total 

99.98 

100.94 

101.63 

101.45 

101.52 

101.27 

100.55 

100.83 

101.15 

101.33 

0 

Si 

=  12 
3.040 

2.987 

2.958 

2.985 

3.027 

2.988 

2.997 

3.005 

2.982 

2.992 

Ti 

0.020 

0.015 

0.009 

0.011 

0.022 

0.011 

0.018 

0.014 

0.024 

0.022 

Al 

1.877 

1.960 

1.982 

1.716 

1.968 

1.958 

1.963 

1.960 

1.948 

1.944 

Cr 

0.007 

0.005 

0.005 

0.253 

0.004 

0.007 

0.004 

0.003 

0.003 

0.015 

Fe2  + 

0.675 

1.277 

0.888 

0.426 

1.09 

0.926 

1.250 

1.290 

0.623 

0.703 

Mn 

0.022 

0.029 

0.022 

0.021 

0.024 

0.022 

0.027 

0.030 

0.020 

0.023 

Mg 

2.025 

1.382 

1.730 

2.287 

1.175 

1.742 

1.119 

1.221 

2.207 

1.934 

Ca 

0.327 

0.354 

0.445 

0.318 

0.644 

0.360 

0.617 

0.471 

0.204 

0.368 

Na 

0.008 

0.014 

0.008 

0.005 

0.019 

0.010 

0.016 

0.010 

0.018 

0.012 

*JJG036,  63,  67,  81,  and  106  are  garnets  from  framesites.  JJG042,  64,  71,  72,  and  74  are  garnets 
from  PCA. 
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Fig.  7.  Compositions  of  garnets  from  the  Orapa  diamond  intergrowths,  PCA  and  framesite;  of 
garnet  and  orthopyroxene  inclusions  in  diamond  with  the  lines  connecting  pairs  of  inclusions  in  a 
single  diamond  (Gurney  et  al.,  1982);  and  of  garnets  in  diamondiferous  eclogite  xenoliths  (Robinson 
etai,  1982). 


orthopyroxene  and  garnet  inclusions  in 
single  diamond  crystals  are  consistent 
with  this  interpretation.  More  Fe-rich 
garnets  show  an  enrichment  in  calcium 
and,  by  analogy  with  garnets  in  xen- 
oliths, are  believed  to  have  crystallized 
in  the  absence  of  orthopyroxene  (Gur- 
ney et  al,  1982). 

All  the  garnets  have  trace  quantities 
of  Ti02  (0.08-0.64  wt  %)  and  Na20  (0.04- 
0.19  wt  %).  Values  for  Cr203  are  gen- 
erally low  but  in  five  specimens  are 
greater  than  0.5  wt  %,  with  a  high  value 
of  5.87  wt  %.  These  garnets  are  very 
similar  to  those  found  in  Orapa  eclogite 
xenoliths,  even  with  respect  to  showing 
wide  variations  in  Cr203  (Shee,  1978). 
Subcalcic  chrome  pyropes  of  the  type 
commonly  found  as  inclusions  in  dia- 
monds and  in  concentrates  from  many 


kimberlites  (Boyd  and  Gurney,  this  Re- 
port) have  not  been  found  in  framesite 
or  PCA. 

All  the  chromites  found  to  date  are 
in  PCA.  They  are  chemically  indistin- 
guishable from  the  chromite  inclusions 
in  single  crystals  of  Orapa  diamonds 
and  have  high  Cr203  contents  in  the 
range  63-66  wt  %  (Table  2).  Shee  ( 1978) 
reported  chromite  grains  in  rare  chrome- 
rich  eclogites  at  Orapa,  but  these  have 
less  Cr203  (52-57%)  by  comparison  and 
appear  to  have  a  different  source. 

Five  clinopyroxenes  have  been  found; 
three  in  framesite,  two  in  PCA.  All  are 
chrome-bearing,  with  Cr203  concentra- 
tions of  1.47-10.24  wt  %  (Table  3).  The 
absence  of  chrome-poor,  jadeite-rich  cli- 
nopyroxenes that  would  be  expected  to 
coexist  with  the  iron-rich,  eclogitic  gar- 
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TABLE  2.  Electron  Microprobe  Analyses  of  Chromites  from  Orapa  Polycrystalline 

Diamond  Aggregates 


JJG045 

JJGO60 

JJG065 

JJG086 

JJGO108 

JJG0115 

Si02 

0.11 

0.11 

0.09 

0.13 

0.14 

0.09 

Ti02 

0.11 

0.15 

0.13 

0.17 

0.58 

0.17 

A1203 

8.03 

6.66 

8.08 

6.66 

4.49 

7.96 

Cr203 

63.09 

64.75 

63.69 

65.47 

66.12 

64.49 

FeO 

13.90 

15.54 

14.21 

15.70 

18.03 

13.33 

MnO 

0.35 

0.34 

0.27 

0.32 

0.61 

0.33 

MgO 

13.30 

12.93 

12.82 

12.67 

9.93 

11.65 

Total 

98.91 

100.48 

99.21 

101.12 

99.90 

98.02 

0  =  4 

Si 

0.004 

0.004 

0.004 

0.004 

0.005 

0.003 

Ti 

0.003 

0.004 

0.003 

0.004 

0.015 

0.004 

Al 

0.312 

0.258 

0.314 

0.257 

0.179 

0.313 

Cr 

1.647 

1.684 

1.661 

1.694 

1.773 

1.703 

Fe2  + 

0.384 

0.428 

0.392 

0.430 

0.511 

0.372 

Mn 

0.010 

0.009 

0.008 

0.009 

0.018 

0.009 

Mg 

0.064 

0.634 

0.630 

0.618 

0.502 

0.580 

nets  is  a  puzzling  feature  of  this  sample 
suite.  Their  absence  could  be  due  to  sus- 
ceptibility to  alteration  or  to  an  unre- 
presentative collection,  but  is  unlikely 
to  be  an  accurate  reflection  of  the  pri- 
mary mineral  abundances  at  the  time 
of  formation.  These  high-Cr  diopsides 
include  one  sample  (JJGO108)  that  oc- 
curs with  chromite  in  a  PCA  specimen 
and  contains  7.23%  Na20  and  10.24% 
Cr203  (Table  3).  Ureyite-rich  clinopy- 
roxenes  are  unusual  and  do  not  readily 
fit  either  the  peridotite  or  the  eclogite 
paragenesis  among  diamond-silicate 
intergrowths.  All  the  five  clinopyrox- 
enes  are  calcic,  with  Ca/(Ca  +  Mg)  ra- 
tios close  to  0.45,  which  would  imply 
moderate  equilibration  temperatures  if 
the  diopside-enstatite  solvus  geother- 
mometer  were  applicable. 

Discussion 

Evidence  of  the  origin  of  diamond  ag- 
gregates is  contained  both  in  the  habit 
of  crystallization  of  the  diamonds  and 
in  the  nature  and  compositional  vari- 
ations of  intergrown  silicates.  Abun- 
dant, fine-grained,  framesite-like  cores 
in  polygranular  Orapa  diamonds  show 


no  obvious  preferred  orientation  of 
crystallites.  The  fine-grained  diamond 
appears  to  be  a  nucleus  around  which 
the  outer  layer  of  coarser  crystals  grew. 
Some  diamond  aggregates  of  this  type 
contain  silicates,  and  in  one  sample  the 
finer  and  coarser  diamond  is  separated 
by  an  annular  growth  of  garnet  crys- 
tals. These  features  conform  to  those 
expected  for  rapid  crystallization  from 
a  fluid.  The  intergrowths  of  diamond 
and  silicate  in  such  specimens  clearly 
indicate  that  both  precipitated  in  the 
same  crystallization  event.  Moreover, 
the  rapid  crystallization  of  polycrystal- 
line diamond  aggregates,  some  of  which 
are  larger  than  2  cm  in  diameter,  sug- 
gests that  either  the  fluid  phase  must 
have  been  relatively  rich  in  carbon  or 
diffusion  must  have  been  extremely  fast. 
Rocks  believed  to  have  been  quenched 
from  magmas  at  depth  in  the  mantle 
are  ilmenite-bearing  pyroxenites  (Boyd 
et  al.,  Year  Book  80,  328;  Baily,  1979; 
Rawlinson  and  Dawson,  1979).  The  cir- 
cumstances of  their  quenching  are  be- 
lieved to  be  complex,  but  probably 
involved  rapid  loss  of  volatile  compo- 
nents. The  quenched  rocks  do  not  in- 
clude eclogites,  which,  in  contrast, 
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TABLE  3. 

Electron  Microprobe  Analyses  of  Clinopyroxenes  from  Orapa  Diamond 

Aggregat 

es 

JJGO20* 

JJG026 

JJG077 

JJGO107 

JJGO108 

SiO, 

54.53 

54.95 

54.89 

54.65 

54.28 

Ti02 

0.08 

0.59 

0.16 

0.52 

0.37 

A1203 

1.52 

5.39 

2.39 

3.70 

4.39 

Cr203 

2.08 

1.47 

4.27 

2.05 

10.24 

FeO 

2.17 

2.52 

1.95 

2.68 

1.64 

MnO 

0.09 

0.09 

0.09 

0.08 

0.08 

MgO 

17.70 

13.68 

15.29 

15.66 

9.86 

CaO 

19.18 

15.70 

17.84 

16.87 

11.79 

Na20 

1.68 

4.83 

3.16 

3.32 

7.23 

Total 

99.03 

99.22 

100.04 

99.53 

99.88 

0  = 

6 

Si 

1.986 

1.985 

1.984 

1.975 

1.975 

Ti 

0.002 

0.016 

0.004 

0.014 

0.010 

Al 

0.065 

0.229 

0.102 

0.158 

0.188 

Cr 

0.060 

0.042 

0.122 

0.059 

0.295 

Fe2  + 

0.066 

0.076 

0.059 

0.081 

0.050 

Mn 

0.003 

0.003 

0.003 

0.002 

0.002 

Mg 

0.961 

0.736 

0.824 

0.844 

0.535 

Ca 

0.749 

0.608 

0.691 

0.653 

0.460 

Na 

0.118 

0.388 

0.221 

0.233 

0.510 

*JJGO20,  26,  and  77  are  clinopyroxenes  from  framesites.  JJGO107  and  108  are 
clinopyroxenes  from  PCA. 


commonly  form  coarse,  equilibrated 
xenoliths  in  kimberlite. 

The  chemical  data  base  for  these  dia- 
mond-silicate intergrowths  is  small  at 
this  writing,  and  it  would  be  premature 
to  attempt  to  construct  a  detailed  model 
for  their  origin.  The  occurrence  in  fra- 
mesite  and  PCA  of  Cr-poor  garnets  with 
compositions  like  those  in  eclogites  and 
of  Cr-rich  clinopyroxenes  with  chrom- 
ite,  however,  points  to  at  least  two  par- 
ageneses.  It  is  suggested  that  the 
framesites  and  PCA  may  have  crystal- 
lized from  carbonate-  and  silicate-rich 
fluids  (possibly  kimberlite).  The  two 
parageneses  of  silicate  intergrowths  with 
framesite  and  PCA  cannot,  however, 
have  crystallized  from  the  same  un- 
modified fluid. 

The  compositions  of  the  Cr-poor  gar- 
nets in  intergrowths  resemble  those  of 
eclogitic  garnet  inclusions  in  single- 
crystal  diamonds  and  those  of  garnets 
in  diamondiferous  eclogites.  A  consan- 
guinity, although  not  an  identity,  of  or- 


igin for  these  eclogitic  assemblages  with 
diamond  seems  probable.  The  Cr-rich 
clinopyroxene  intergrowths  differ  in 
composition  from  the  chrome  diopside 
inclusions  found  in  single-crystal  dia- 
monds in  many  areas,  in  that  some  are 
considerably  richer  in  the  ureyite  com- 
ponent. Hence,  there  may  be  no  con- 
sanguinity for  these  intergrowths  with 
the  peridotite-type  inclusions.  Possibly 
the  two  parageneses  of  silicates  inter- 
grown  with  diamond  aggregates  crys- 
tallized at  depth  in  the  mantle  during 
the  mixing  of  fluids  (magmas?)  of  dis- 
parate compositions  or  alternatively  in 
a  system  composed  of  a  melt  and  a  dense 
vapor.  Quenching  could  have  been  ini- 
tiated by  either  volatile  loss  or  intru- 
sion into  substantially  cooler  sur- 
roundings. 
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Lattice  Parameters  of  the 

Perovskite  Phase  in  the  System 

MgSi03-CaSi03-Al203* 

K.  Weng,  H.  K.  Mao,  and  P.  M.  Bell 

Garnet  peridotite  composition  is  con- 
sidered to  be  representative  of  the  ma- 
jor part  of  the  bulk  composition  of  the 
deep  mantle,  and  thus  the  assemblage 
perovskite  plus  magnesiowustite  is  sta- 
ble at  mantle  depths  greater  than  the 
transition  zone,  at  approximately  650 
km  (Mao,  Bell,  and  Yagi,  Year  Book  78, 
621-625).  Magnesium  silicate  crystal- 
lizes with  the  perovskite  structure  type 
at  pressures  above  approximately  200 
kbar,  depending  on  the  temperature  and 
bulk  composition  within  the  system 
MgO-Si02,  and  it  has  been  postulated 
that  silicate  perovskite  (MgSi03)  is  the 
predominant  phase  of  the  earth's  lower 
mantle.  Yagi,  Mao,  and  Bell,  in  a  series 
of  experimental  studies  (Year  Book  78, 
612-625),  determined  the  stability  re- 
lations in  the  system  MgO-FeO-Si02  at 
pressures  above  160  kbar.  They  con- 
cluded that  silicate  perovskite  with 
concentrations  of  up  to  20  mol  %  FeSi03 
is  more  stable  than  all  other  oxides  and 
silicates  in  the  system  with  the  notable 
exception  of  magnesiowustite  [(Fe,Mg)0] 
with  which  perovskite  coexists.  The 
present  study  is  an  investigation  of  the 
expanded  chemical  system  FeO-MgO- 
Al203-CaO-Si02  to  determine  the  ef- 
fects of  aluminum  and  calcium  on  the 
stability  of  silicate  perovskite. 

In  the  system  MgSi03-Al203,  Liu 
(1977a)  observed  transitions  above  200 
kbar  from  garnet  (solid  solution)  plus 
spinel  (of  Mg2Si04  composition)  to  a 
single  silicate  phase  of  the  ilmenite 
structure,  and  subsequently  from  this 
silicate  ilmenite  phase  to  the  silicate 
perovskite  phase.  The  purpose  of  the 
present  study  was  to  examine  in  some 
detail  the  compositional  and  phase  re- 
lations in  the  subsystems  MgSi03  (En)- 
A1203  (Co)  and  MgSi03  (En)-CaSi03 

*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  80-08804. 
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(Wo)-Al203  (Co).  The  experiments  were 
run  at  approximately  400  kbar,  which 
is  high  enough  to  avoid  possible  influ- 
ences of  the  lower  pressure  phase-tran- 
sition boundaries  documented  by  Liu 
(1977b). 

MgSi03-Al203 

The  results  of  experiments  wherein 
alumina  is  added  to  magnesium  silicate 
perovskite  are  listed  in  Table  4.  It  was 
determined  that  at  least  25  mol  %  A1203 
will  dissolve  in  perovskite  at  400  kbar. 
The  data  for  this  system  are  plotted  in 
Fig.  8A.  It  can  be  seen  that  the  b  and 
c  unit-cell  dimensions  of  the  perovskite 
phase  expand  with  increasing  solid  so- 
lution of  A1203,  whereas  the  a  dimen- 
sion does  not.  Also  plotted  (Fig.  8B)  are 
the  changes  in  unit-cell  dimensions  of 
MgSi03  perovskite  to  which  iron  was 
added  as  FeSi03  (Yagi,  Bell,  and  Mao, 
Year  Book  78,  614-617).  The  overall 
increase  in  volume  of  the  perovskite 
phase  as  a  function  of  increasing  A1203 
content  is  plotted  in  Fig.  9.  The  unit- 
cell  dimensions  and  molar  volume  of 
the  solid  solutions  can  be  obtained  from 
the  following  equations: 

a(A)  =  0.00396*  +  4.780,        (1) 
6(A)  =  0.0839*  +  4.935,         (2) 
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c(A)  =  0.234*  +  6.907,  (3) 

V(A3)  =  8.43*  +  162.9,  (4) 

where  x,  the  mol  fraction  of  A1203,  is  0 
=s  x  ss  0.25. 

The  main  effect  of  the  changes  in  unit- 
cell  dimensions  is  that  their  ratio  de- 
parts notably  from  a:b:c  =  1:1:1.4142 
for  the  equivalent  cubic  perovskite 
structure.  This  ratio  results  from  the 
fact  that  the  a  and  b  orthorhombic  cell 
dimensions  are  equivalent  to  the  face 
diagonal  of  the  cubic  cell,  and  the  or- 
thorhombic c  dimension  is  equivalent 
to  double  the  cubic  unit-cell  edge.  The 
unit  cell  becomes  increasingly  distorted 
with  the  addition  of  A1203.  The  net  re- 
sult is  that  the  addition  of  A1203  to 
MgSi03  perovskite  causes  a  signifi- 
cantly larger  increase  in  the  molar  vol- 
ume than  does  FeSi03  even  though  the 
Al3  +  -Al3  +  pair  has  a  much  smaller  ionic 
volume  than  the  Fe2  +  -Si4+  pair.  The 
addition  of  A1203  increases  the  distor- 
tion of  the  perovskite  structure,  whereas 
the  addition  of  FeSi03  reduces  the  dis- 
tortion. In  the  magnesium-aluminum 
silicate  component  (Mg,Al)(Si,Al)03, 
distortion  of  the  unit  cell  from  ideal  or- 
thorhombic symmetry  is  probably  due 
to  the  equal  distribution  of  the  Al3+  ca- 
tion between  the  large  dodecahedral  and 


TABLE  4.  Unit-Cell  Dimensions  of  MgSi03-Al203  Perovskite 


Composition, 
mol  %  A1203 

X-ray 
Source 

Internal 
Standard 

a,  A 

6,  A 

c,A 

V,  A3 

0 
0 

Cu#a 
CoKa 

Pd 
KC1 

4.779(1) 
4.779(1) 

4.933(1) 
4.935(1) 

6.902(2) 
6.903(1) 

162.7(1) 
162.8(1) 

4.93 
4.93 

CuKa 
CoKa 

Pd 
KC1 

4.780(2) 
4.783(2) 

4.942(1) 
4.938(4) 

6.924(2) 
6.931(3) 

163.6(1) 
163.7(1) 

9.86 
9.86 

CuKa 
CoKa 

Pd 
KC1 

4.775(1) 
4.783(1) 

4.938(2) 
4.943(1) 

6.923(2) 
6.936(2) 

163.3(1) 
164.0(1) 

14.8 
14.8 

CuKa 
CoKa 

Pd 
KC1 

4.783(2) 
4.783(1) 

4.953(1) 
4.948(2) 

6.937(2) 
6.938(2) 

164.3(1) 
164.2(1) 

25.0 
25.0 

CuKa 
CoKa 

Pd 
KC1 

4.780(1) 
4.780(1) 

4.954(1) 
4.955(1) 

6.967(2) 
6.967(1) 

165.0(1) 
165.0(1) 
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Fig.  8.  Unit-cell  dimensions  of  perovskite  in 
the  system  MgSi03-Al203.  (MgSi03-FeSi03  data, 
dashed  line,  are  from  Yagi  et  al.,  Year  Book  78, 
612-625.) 


the  small  octahedral  crystalline  sites, 
resulting  in  inefficient  packing.  The 
A13  +  -A13+  pair  has  an  ionic  volume 
similar  to  that  of  the  Mg2  +  -Si4+  pair. 
In  the  lower  pressure  pyrope 
(Mg3Al2Si3012)  structure  the  cations  are 
distributed  in  three  separate  crystal- 
line sites  of  dodecahedral,  octahedral, 
and  tetrahedral  coordination.  These  sites 
contain  the  magnesium,  aluminum,  and 
silicon  ions,  respectively,  in  efficient 
packing.  When  the  component  Mg3 
(MgSi)Si30  12  is  dissolved  in  pyrope  to 
form  majorite,  Mg2+  and  Si4+  (which 
have  different  ionic  volumes)  are  sub- 
stituted in  the  single,  octahedrally  co- 
ordinated, aluminum  site,  resulting  in 
less  efficient  packing  and  a  larger  mo- 
lar volume.  The  effects  of  solid  solution 
on  the  molar  volumes  are  plotted  in  Fig. 
9.  The  molar  volume  of  garnet  increases 
as  magnesium  silicate  is  added,  whereas, 
in  the  opposite  sense,  the  molar  volume 
of  perovskite  increases  as  alumina  is 
added.  Perovskite  has  the  lowest  vol- 
ume and  is  the  most  stable  at  high  pres- 
sure, except  close  to  A1203  composition, 
where  the  pure  Al203-ilmenite  (corun- 
dum) structure  would  be  more  stable  (if 
such  compositions  are  stable  in  the  per- 
ovskite structure). 

It  should  be  noted,  for  example,  that 
the  large  volume  difference  (approxi- 
mately 15%)  between  garnet  and  per- 
ovskite precludes  the  possible  formation 
of  garnet  at  these  pressures,  and  this 
condition  is  unlikely  to  be  significantly 
different  at  higher  temperature.  Thus, 
there  would  be  no  stability  field  for  gar- 
net in  the  earth's  lower  mantle  at  depths 
greater  than  the  650-km  seismic  dis- 
continuity. 

MgSi03  -CaSi03  -Al203 

The  results  of  the  present  experi- 
ments with  compositions  in  the  four- 
component  system  (MgO-CaO-Al203- 
Si02)  are  similar  to,  and  essentially 
support,  the  findings  of  previous  exper- 
iments in  the  three-  and  four-compo- 
nent systems,  in  that  it  has  not  been 
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Fig.  9.  Molar  volumes  of  phases  in  the  system 
MgSi03-Al203. 


possible  at  these  pressures  to  establish 
the  phase  in  which  calcium  resides.  Mao, 
Yagi,  and  Bell  (Year Book  76,  502-504) 
studied  CaMgSi206,  CaSi03,  Ca3Al2Si3 
012,  and  Ca3Fe2Si3  012  at  pressures  be- 
tween 200  and  400  kbar  and  observed 
that  calcium  apparently  does  not  dis- 
solve in  a  solid  solution  with  magne- 


sium silicate  perovskite  (MgSi03). 
Furthermore,  the  calcium  silicate  com- 
ponent may  form  a  separate  phase,  pos- 
sibly also  of  the  perovskite  structure 
type,  that  is  nonquenchable.  Calcium 
silicate  glasses  were  observed  that 
probably  formed  by  inversion  from  a 
crystalline  phase  on  the  quench.  Liu 
(1979)  observed  as  well  that  little  or  no 
calcium  silicate  dissolves  in  magne- 
sium silicate  perovskite  in  the  bulk 
compositions  CaMgSi206  and 
2MgSiCyCaSi03. 

In  the  present  study  of  the  composi- 
tions En80  Wo18  Co2  and  En73  Wo24  Co3 
at  400  kbar,  the  run  products  yielded 
x-ray  diffraction  patterns  almost  iden- 
tical with  those  of  calcium-free,  mag- 
nesium silicate  perovskites.  Table  5  lists 
the  unit-cell  dimensions.  The  quenched 
products  thus  contain  little  or  no  cal- 
cium-rich silicate  perovskite,  the  cal- 
cium apparently  being  dissolved  in  the 
amorphous  quench  product. 

Summary 

In  summarizing  the  compositional 
relations  among  the  components  MgO- 
FeO-CaO-Al203-Si02,  the  chemical 
components  that  are  significant  at  high 
pressures,  and  thus  the  components  that 
are  used  in  geochemical  models  of  the 
mantle,  are  (MgFe)Si04-(Mg,Fe)Si03- 
Al203-CaSi03.  The  phase  relations  al- 
ready determined  (Yagi,  Mao,  and  Bell, 
Year  Book  78,  612-625)  in  the  iron 
magnesium  silicate  system  are 
dominated  by  the  perovskite  [(Mg,Fe) 
Si03]-magnesiowustite  assemblage,  the 
assemblage  that  probably  represents  the 
major  mineralogy  of  the  deep  mantle. 


TABLE  5.  Unit-Cell  Dimensions 

of  MgSi0.r 

CaSi03-Al203  Perovskite 

Composition, 

mol  % 

X-ray 
Source 

a,  A 

b,  A             c,  A 

CaSi03                A1203 

V,A3 

17.8                     2.03 
24.2                     3.07 

CuKa 
CuKa 

4.776(1) 
4.779(1) 

4.928(1)         6.903(2) 
4.929(1)         6.905(2) 

162.5(1) 
162.7(1) 
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It  was  determined  in  the  present  study 
that,  as  a  minor  component,  A1203  dis- 
solves in  the  perovskite  structure  in- 
stead of  forming  another  aluminum- 
bearing  phase  such  as  garnet.  The  other 
minor  component  studied,  CaSi03, 
probably  forms  a  separate  minor  crys- 
talline phase,  whose  structure  is  yet 
unknown  and,  significantly,  does  not 
dissolve  in  the  magnesium  silicate  per- 
ovskite structure. 
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that  the  solubility  of  potassium  in  iron 
sulfide  melts  in  equilibrium  with  K- 
feldspar  increases  with  temperature.  He 
also  pointed  out  that  only  a  few  hundred 
parts  per  million  potassium  in  the  core 
would  give  rise  to  a  significant  core  heat 
source.  Experiments  at  high  pressure 
are  needed,  however,  to  determine  the 
equations  of  state  and  phase  relations 
of  potassium-  and  sulfur-bearing  iron 
compounds  before  the  partitioning  and 
solubility  can  be  evaluated.  This  study 
is  the  first  step  in  providing  these  ex- 
periments under  static,  high-presssure 
conditions. 

A  sample  of  monoclinic  KFeS2,  ob- 
tained from  T.  Ahrens,  was  the  same 
material  used  in  shock-wave  experi- 
ments by  Somerville  and  Ahrens  (1980). 
The  material  was  pressurized  at  room 
temperature  in  the  diamond-window, 
high-pressure  cell.  Pressure  was  cali- 
brated by  the  ruby-fluorescence  pres- 
sure gauge  (Mao  et  al.,  1978).  X-ray 
diffraction  measurements  were  made 
in  situ  at  high  pressure  with  Moi^a  ra- 
diation. The  results  of  the  experiments 
are  listed  in  Tables  6-8. 


G.  Zou,  H.  K.  Mao,  and  P.  M.  Bell 

Mao,  Zou,  and  Bell  (Year  Book  80, 
267-272)  studied  FeS  at  high  pressure 
and  used  these  data  in  combination  with 
previous  high-pressure  data  on  Fe  to 
examine  a  possible  role  of  sulfur  as  a 
light  alloying  element  in  the  earth's  core. 
The  compound  KFeS2,  potassium  thio- 
ferrite,  has  also  received  attention  in 
models  of  the  composition  of  the  core 
(Somerville  and  Ahrens,  1980)  because 
potassium  is  known  to  be  depleted  in 
terrestrial  rocks  in  comparison  with 
chondritic  and  solar  abundances  (Was- 
serburg  et  al.,  1964)  and  it  was  sug- 
gested by  Lewis  (1971)  that  potassium 
could  be  fractionated  into  the  core. 
Goettel  (1976)  showed  by  experiment 

*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  80-08804. 


TABLE  6.  X-Ray  Diffraction,  d  Values,  and 
Provisional  Indexing  of  the  Second  High- 
Pressure  Phase  (Phase  II)  of  KFeS2 
at  250  kbar  and  293  K 


Mo 

d,  obs 

d,  calc 

(HKL) 

4 

2.545 

2.544 

211 

6 

2.169 

2.171 

300 

7 

2.009 

1.992 

301 

10 

1.899 

1.910 

212 

4 

1.470 

1.475 

241 

3 

1.252 

1.248 

251 

TABLE  7.  X-Ray  Diffraction,  d  Values,  and 
Provisional  Indexing  of  the  Third  High- 
Pressure  Phase  (Phase  III)  of  KFeS2 
at  274  kbar  and  293  K 


Mo 

d,  obs 

d,  calc 

(HKL) 

3 

5.329 

5.359 

001 

6 

2.996 

2.996 

120 

10 

2.514 

2.503 

012 

8 

2.179 

2.167 

130 

4 

2.008 

2.009 

131 
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TABLE  8.  Provisional  Unit  Cell,  Volume,  and  Density  of  KFeS2  vs.  Pressure 


p, 

P, 

V* 

5, 

kbar 

a,  A 

6,  A 

c,k 

deg. 

cm3/mol 

g/cm3 

Phase 

/ 

2.9 

7.038 

11.250 

5.393 

112.5 

59.39 

2.678 

28.3 

6.725 

10.838 

5.200 

112.5 

52.72 

3.017 

48.6 

6.624 

10.558 

5.185 

112.5 

50.56 

3.155 

87.6 

6.600 

10.141 

5.070 

112.5 

47.20 

3.370 

Phase  II 

158.0 

6.404 

10.120 

5.027 

112.5 

45.32 

3.510 

158.0 

6.878 

7.407 

5.291 

90 

40.58 

3.920 

203.8 

6.694 

7.209 

5.149 

90 

37.41 

4.252 

250.5 

6.513 

7.013 

5.010 

90 

34.45 

4.615 

Phase 

III 

274 

5.760 

7.016 

5.236 

90 

31.86 

4.993 

345 

5.716 

6.963 

5.196 

90 

31.13 

5.110 

'Volume  calculated  on  the  basis  of  four  groups  of  KFeS2  per  unit  cell. 


The  monoclinic  phase  of  KFeS2  is  sta- 
ble to  approximately  158  kbar,  and  its 
measured  equation  of  state  (Table  8)  is 
close  to  values  determined  from  shock- 
wave  experiments  (Somerville  and  Ah- 
rens,  1980).  In  the  pressure  range  158- 
251  kbar,  KFeS2  underwent  a  transi- 
tion to  a  second  phase  whose  d  values 
are  listed  in  Table  6.  This  pressure  re- 
gion was  interpreted  as  a  mixed-phase 
region  in  the  previous  shock-wave  ex- 
periments. At  274  kbar  a  second  tran- 
sition was  observed  to  a  third  phase 
(Table  7),  which  remained  stable  to  the 
highest  pressure  of  the  present  exper- 
iments, 345  kbar  (Table  8). 

The  present  equation-of-state  data  are 
consistent  with  the  shock-wave  deter- 
minations on  KFeS2,  except  that  three 
distinct  phases,  rather  than  two,  were 
identified  in  the  static-pressure  exper- 
iments (Fig.  10).  It  is  clear  that  the 
crystal  structures  of  the  two  high-pres- 
sure phases,  provisionally  assigned  to 
the  orthorhombic  system,  should  be 
carefully  determined  in  future  experi- 
ments. The  data  to  345  kbar  indicate 
the  general  trend  toward  higher  den- 
sity of  KFeS2  and  suggest  that  it  will 
be  valuable  to  determine  the  equation 
of  state  at  higher  pressure.  Whereas  it 
cannot  be  demonstrated  from  the  pres- 
ent data  that  KFeS2  is  a  stable  phase 


Adiabal,  shock  wave  data 
Somerville  and  Ahrens,  1980  | 

293K  Isotherms,  static 
pressure  data, present 
study 


Ol 


Density,  g/cm5 

Fig.  10.  Provisonal  equation  of  state  of  KFeS2. 


in  the  earth's  mantle,  the  observation 
of  two  phase  transformations  below  345 
kbar  suggests  that  it  may  be  possible 
to  compress  KFeS2  sufficiently  to  as- 
certain whether  potassium  will  be  re- 
tained in  an  iron  sulfide  structure. 


GEOPHYSICAL     LABORATORY 


279 


References 

Goettel,  K.  A.,  Models  for  the  origin  and  com- 
position of  the  earth,  and  the  hypothesis  of  po- 
tassium in  earth's  core,  Geophys.  Surv.,  2,  369- 
397,  1976. 

Lewis,  J.  S.,  Consequences  of  the  presence  of  sul- 
fur in  the  core  of  the  earth,  Earth  Planet.  Sci. 
Lett.,  11,  130-134,  1971. 

Mao,  H.  K.,  P.  M.  Bell,  J.  W.  Shaner,  and  D.  J. 
Steinberg,  Specific  volume  measurements  of  Cu, 
Mo,  Pd,  and  Ag  and  calibration  of  the  ruby  Rx 
fluorescence  pressure  gauge  from  0.06  to  1  Mbar, 
J.  Appl.  Phys.,  49,  3276-3282,  1978. 

Somerville,  M.,  and  T.  J.  Ahrens,  Shock  compres- 
sion of  KFeS2  and  the  question  of  potassium  in 
the  core,  J.  Geophys.  Res.  ,85,  7016-7024, 1980. 

Wasserburg,  G.  J.,  G.  J.  F.  MacDonald,  F.  Hoyle, 
and  W.  A.  Fowler,  Relative  contributions  of 
uranium,  thorium,  and  potassium  to  heat  pro- 
duction in  the  earth,  Science,  143,  465-467, 
1964. 


The  Mineral  Chemistry  of 
Majorite  in  L6  Chondrites* 

H.  K.  Mao,  P.  M.  Bell,  and  N.  Z.  Boctor 

The  study  of  high-pressure  phase 
transitions  in  minerals  from  chondrites 
is  important  because  such  transitions 
provide  clues  to  possible  similar  phase 
transitions  in  the  upper  mantle.  Ma- 
jorite, a  garnet  structure,  was  first  re- 
ported in  the  Coorara  chondrite  by  Smith 
and  Mason  (1970),  who  considered  it  a 
high-pressure  polymorph  of  the  low-Ca 
pyroxene  in  the  host  meteorite.  Exper- 
imental investigations  of  the  pyroxene- 
garnet  transition  (Ringwood  and  Ma- 
jor, 1971;  Akaogi  and  Akimoto,  1977; 
Liu,  1977)  indicate  that  the  presence  of 
A1203  in  solid  solution  in  the  pyroxene 
is  essential  for  the  stabilization  of  the 
garnet  structure.  The  amount  of  A1203 
required  to  stabilize  a  synthetic  analog 
of  majorite  in  the  Coorara  meteorite  was 
reported  to  be  2.46  wt  %  (Ringwood  and 
Major,  1971).  Coleman  (1977)  and 
Jeanloz  (1981)  reported  the  presence  of 
majorite  with  a  very  low  A1203  content 
(0.0-0.8  wt  %)  in  the  Catherwood  chon- 
drite. On  the  basis  of  this  report,  Jean- 


*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  80-08804. 


loz  (1981)  concluded  that  majorite  may 
be  an  important  component  in  the  up- 
per mantle  and  transition  zone,  and  that 
its  presence  would  have  important  ef- 
fects on  the  elastic  properties  of  the 
mantle.  The  reported  occurrence  of 
"virtually  Al-free"  majorite  in  the 
Catherwood  chondrite  (Jeanloz,  1981) 
is  at  variance  with  the  results  of  ex- 
perimental investigations  on  the  py- 
roxene-garnet transition.  This  report 
presents  the  results  of  an  investigation 
of  the  occurrence  and  mineral  chemis- 
try of  majorite  in  the  Catherwood,  Ten- 
ham,  Pampa  del  Infierno,  and  Coolamon 
chondrites.  It  was  determined  in  this 
study  that  majorite  in  L6  chondrites,  as 
represented  by  these  four  meteorites, 
contains  at  least  2.5  wt  %  A1203.  This 
result  is  consistent  with  experimental 
data.  Majorite  apparently  formed  from 
shock-induced  glass. 

The  occurrence  of  majorite  in  the  four 
chondrites  is  restricted  to  shock-in- 
duced veins  (0.5-2  mm  in  diameter).  In 
most  of  these  veins  majorite  occurs  as 
equant  or  acicular  crystals  (2-10  |xm) 
in  association  with  ringwoodite,  oli- 
vine, clinobronzite,  and  spheres  of  troi- 
lite-iron  intergrowths.  The  crystal  habit 
of  majorite  may  differ  within  a  single 
vein,  with  majorite  grains  adjacent  to 
the  vein  wall  being  acicular  and  those 
at  the  center  occurring  as  interlocking 
equant  crystals.  In  some  cases,  mafic 
glass  occurs  between  majorite  crystals. 

The  chemical  composition  of  majorite 
in  the  chondrites  studied  is  shown  in 
Table  9.  Majorite  in  the  Pampa  del  In- 
fierno, Catherwood,  and  Coolamon 
chondrites  was  analyzed  by  a  JEOL  SM- 
35  scanning  electron  microscope 
equipped  with  a  four-crystal,  x-ray 
spectrometer.  The  specimen  current  used 
in  the  analyses  was  0.01  |xA.  Majorite 
in  the  Tenham  chondrite  was  analyzed 
by  the  electron  microprobe  at  a  low 
specimen  current  of  0.005  |xA.  Data  re- 
duction was  performed  with  the  Magic 
IV  computer  program  of  Colby  (1971). 
The  identity  of  majorite  was  confirmed 
by  x-ray  diffraction. 
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TABLE  9.  Composition  of  Majorite  and  Glass  in  L6  Chondrites 


1* 

2 

3 

4 

5 

Si02 

54.89 

54.39 

54.51 

52.29 

51.73 

Ti02 

0.05 

A1203 

4.61 

5.32 

0.64 

4.43 

2.95 

Cr203 

0.49 

FeO 

8.64 

7.95 

13.95 

13.54 

11.40 

MnO 

0.30 

MgO 

30.99 

30.37 

29.75 

28.07 

30.68 

CaO 

1.63 

1.77 

0.72 

1.07 

1.54 

Na20 

<0.01 

0.54 

0.13 

0.32 

0.39 

Total 

100.77 

100.23 

99.70 

99.72 

99.31 

*1,  Pampa  del  Infierno;  2,  Catherwood;  3,  yellowish  isotropic  glass,  Catherwood; 
4,  Coolamon;  5,  Tenham. 


It  is  clear  from  Table  9  that  all  ana- 
lyzed majorite  from  L6  chondrites  is 
Al203-bearing  (2.7-5.3  wt  %  A1203).  The 
analysis  for  Pampa  del  Infierno  is  for 
discrete  majorite  crystals  that  occur  in 
a  sulfide  matrix  where  contamination 
from  any  Al-bearing  phases  is  ex- 
cluded. The  A1203  content  of  majorite 
in  Coorara  chondrite  given  by  Ring- 
wood  and  Major  (1971)  as  the  average 
of  the  best  analyses  of  Smith  and  Mason 
(1970)  is  2.60  wt  %.  Analysis  3  in  Table 
9  is  for  one  of  the  large  (10-200  |xm), 
rounded,  polycrystalline,  yellowish  iso- 
tropic grains  in  Catherwood  chondrite 
that  were  identified  by  Coleman  (1977) 
and  reported  by  Jeanloz  (1981)  as  ma- 
jorite. The  A1203  content  of  this  grain 
is  similar  to  that  reported  by  Coleman 
(1977).  Examination  of  the  grain  by 
finely  collimated  (100  (xm  diameter) 
Mo.K'a  radiation  failed  to  show  any  dif- 
fraction pattern.  The  lack  of  any  x-ray 
diffraction  pattern  suggests  that  the 
grain  is  glass.  Examination  of  the  ana- 
lyzed equant  crystals  in  the  matrix  by 
the  same  technique  confirmed  its  iden- 
tity as  majorite.  Similar  equant  crys- 
tals, analyzed  in  this  investigation,  from 
the  Tenham  chondrite  were  also  found 
to  be  majorite  when  examined  by  CuK"a 
radiation  with  a  Gandolfi  camera. 

The  analyses  in  Table  9  also  show 
that  majorite  contains  higher  concen- 
trations of  Ca  (1.0-1.7  wt  %  CaO)  than 
the  low-Ca  pyroxene  in  L6  chondrites. 


The  majorite  also  contains  small  but 
nonetheless  significant  amounts  of  Na 
(0.30-0.7  wt  %  Na20).  The  presence  of 
Na  in  majorite  from  Corrara  chondrite 
was  attributed  by  Smith  and  Mason 
(1970)  to  possible  contamination.  Ring- 
wood  and  Major  (1971),  however,  syn- 
thesized garnets  of  NaCa2(AlSi)Si3012 
and  NaCa2Si5012  at  180  kbar  and 
1000°C,  thus  confirming  the  existence 
of  Na-Si  substitution  for  Ca-Al  in  gar- 
net at  high  pressures.  The  presence  of 
minor  amounts  of  Na  in  garnet  inclu- 
sions in  diamond  (Sobolev  and  Lavren- 
t'ev,  1971;  Tsai  et  al,  1979)  is  another 
indication  that  Na-Si  substitutes  for  Ca- 
Al  in  garnet  at  high  pressure. 

Price  et  al.  (1979)  reported  the  pres- 
ence of  mafic  glass  in  association  with 
majorite  in  the  Tenham  chondrite  and 
suggested  that  majorite  crystallized  from 
a  shock-induced  glass,  either  thermal 
or  diaplectic  in  origin.  Transformation 
of  low-Ca  pyroxene  to  diaplectic  glass 
was  observed  in  shock  experiments  by 
Gibbons  et  al.  (1975),  who  attributed  its 
formation  to  localized  stress  fields  ex- 
ceeding an  average  pressure  of  380  kbar. 
Total  melting  of  granular  aggregates  of 
monomineralic,  porous,  low-Ca  pyrox- 
ene, however,  occurs  at  —800  kbar. 
These  pressures  exceed  those  needed  to 
transform  plagioclase  to  diaplectic  or 
thermal  glass.  It  is  likely  that  both  py- 
roxene and  plagioclase  have  undergone 
vitrification  and  that  the  resulting  glass 
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from  which  majorite  nucleated  was  more 
enriched  in  A1203  and  Na20  relative  to 
low-Ca  pyroxene  in  L6  chondrites. 

The  present  investigation  indicates 
that  the  presence  of  Al  apparently  was 
necessary  for  the  high-pressure,  pyrox- 
ene-to-garnet transformation  in  chon- 
drites, a  result  also  found  in  laboratory 
experiments.  Majorite  formed  in  those 
chondrites  studied  under  shock-pres- 
sure conditions.  The  restricted  occur- 
rence of  majorite  in  the  L6  chondrite 
subgroup,  and  its  presence  in  all  the 
reported  occurrences  as  inclusions  in 
veins  of  similar  shock  history,  suggest 
that  these  meteorites  may  have  origi- 
nated from  a  common  parent  body. 
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Setting  and  Compositions  of  the 
J-M  Platinum-Palladium  Reef  and 

Other  Sulfide  Zones  in  the 

Banded  Series  of  the  Stillwater 

Complex 

D.  W.  Keith*  S.  G.  Todd*  and  T.  N.  Irvine 

This  project,  first  reported  in  Year 
Book  78,  culminated  in  the  past  year 
and  a  half  in  two  papers  for  journal  pub- 
lication, and  the  study  has  entered  a 
new  stage  of  data  collection  and  anal- 
ysis. Principal  conclusions  to  date  are 


*Stillwater   PGM   Resources,   Billings,   Mon- 
tana. 


(1)  the  Stillwater  Complex  is  the  prod- 
uct of  two  distinctly  different  parental 
magmatic  liquids  and  (2)  the  sulfides 
that  host  the  platinum-group  elements 
(PGE)  in  the  J-M  Reef  represent  im- 
miscible sulfide  melt  that  precipitated 
from  the  silicate  liquids  when  they 
mixed  in  large  quantities.  It  appears 
that  the  PGE  came  from  one  of  the  pa- 
rental magmas,  presumably  in  the  com- 
pany of  most  of  the  Cu  and  Ni  now  in 
the  sulfides,  whereas  the  S  came  from 
the  other.  The  present  report  briefly 
summarizes  the  supporting  evidence  and 
comments  on  new  data  on  PGE  concen- 
trations in  the  J-M  Reef  and  other  sul- 
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fide  zones  in  the  intrusion.  The  report 
serves  also  as  background  for  compan- 
ion reports  relating  to  the  Stillwater 
Complex. 

Evidence  for  Two  Parental  Magmas 

To  clarify  the  setting  of  the  J-M  Reef, 
a  new  stratigraphic  classification  of  the 
Stillwater  Complex  has  been  devised 
(Fig.  11).  The  principal  divisions  are  es- 


sentially those  identified  by  previous 
investigators,  but  their  names  and  the 
ways  they  are  grouped  have  been  mod- 
ified. The  previous  major  "zones"  are 
now  called  the  Basal,  Ultramafic,  and 
Banded  Series  so  they  can  be  subdi- 
vided into  finer  zones  and  subzones.  In 
addition,  the  nomenclature  of  the 
Banded  Series  has  been  simplified 
through  the  recognition  of  six  mega- 
cyclic  units  that  highlight  gross  lith- 


Fig.  11.  (A)  Revised  stratigraphic  subdivision  of  the  Stillwater  Complex,  based  largely  on  divisions 
defined  by  Hess  (1960),  Jackson  (1961),  McCallum  et  al.  (1980),  and  Segerstrom  and  Carlson  (1980). 
(B)  Stratigraphic  subdivision  of  Troctolite-Anorthosite  Zone  I,  showing  the  location  of  the  J-M  Reef. 
GSZ,  Gabbro  Subzone;  AjSZ,  A2SZ,  Anorthosite  Subzones;  NSZ,  Norite  Subzone;  C,  cumulate;  p, 
plagioclase;  o,  olivine;  b,  bronzite;  a,  augite. 
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ologic  repetitions  at  intervals  of  400- 
1000  m.  Given  this  framework,  two  ma- 
jor rock  associations  are  evident.  One, 
referred  to  here  as  the  ultramafic  lin- 
eage, consists  of  harzburgitic  perido- 
tites,  bronzitite,  norite,  and  two-pyrox- 
ene gabbro.  It  is  initiated  in  15-20 
ordinary  cyclic  units  (typically  50-100 
m  thick)  in  the  Ultramafic  Series  and 
then  extends  into  the  Norite  and  Gab- 
bro Zones  of  Megacyclic  Units  I  and  II. 
Hess  (1960)  and  Jackson  (1961,  1970) 
recognized  that  this  lineage  was  devel- 
oped through  fractionation  of  a  magma 
with  the  crystallization  order  olivine, 
bronzite,  plagioclase,  augite.  This  par- 
ent is  here  called  the  U0  liquid,  apropos 
its  early  ultramafic  components,  and  its 
derivatives  are  denoted  U1}  U2,  etc. 


The  other  lithologic  association, 
termed  the  anorthositic  lineage,  occurs 
principally  in  Megacyclic  Units  III,  IV, 
and  V.  It  consists  essentially  of  anor- 
thosite,  troctolite,  olivine  gabbro,  and 
two-pyroxene  gabbro.  Although  mech- 
anisms have  been  suggested  (notably 
by  Hess,  1960)  whereby  the  anortho- 
sitic rocks  might  have  formed  from  U0 
liquid,  two  features  strongly  suggest  that 
they  represent  a  different  parent.  One 
feature  is  their  abundance.  Three  major 
zones  of  anorthosite  are  present,  se- 
quentially measuring  300, 100,  and  500 
m  in  thickness,  and  numerous  thin  (1- 
3  m)  layers  are  widely  distributed.  Such 
development  is  unprecedented  in  lay- 
ered intrusions  with  abundant  ultra- 
mafic rocks — even  in  the  enormous 


Norite  -  Two-pyroxene  Gabbro   Units 

Plagioclase 


,  mol  "/< 


Anorthosite-Troctolite -Olivine  Gabbro    Units 

Plagioclase  Whole   rock 


Sulfide 
occurrences 


Sulfide 
occurrences 


Fig.  12.  Principal  sulfide  zones  in  the  Stillwater  Banded  Series  and  their  ratios  of  Pt  to  S.  Rocks 
of  the  anorthositic  lineage  are  separated  from  those  that  probably  belong  to  the  ultramafic  lineage 
to  emphasize  the  association  of  the  sulfides  with  the  anorthositic  divisions.  Data  on  plagioclase 
composition  are  mostly  from  McCallum  et  al.  (1980). 
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Bushveld  Complex.  The  other  feature 
suggesting  a  different  parent  is  the 
comparative  rarity  and  lateness  of 
bronzite  (i.e.,  Ca-poor  pyroxene)  in  the 
anorthositic  lineage,  in  contrast  to  its 
abundance  and  early  presence  in  the 
ultramafic  lineage.  On  the  other  hand, 
the  anorthositic  lineage  is  readily  (and 
reasonably)  ascribed  to  fractionation  of 
a  magma  with  the  crystallization  order 
plagioclase,  olivine,  augite,  bronzite. 
This  liquid  is  termed  the  A0  liquid,  and 
its  derivatives  are  A1}  A2,  etc. 

The  J-M  Reef  is  about  1000  m  below 
the  main  zones  of  anorthosite,  but  it  is 
associated  with  the  first  sizeable  occur- 
rence of  the  rock,  in  a  division  called 
Troctolite-Anorthosite  Zone  I  (TAZ^  see 
Fig.  11B).  This  division  is  only  about 
100  m  thick,  but  it  embodies  more  than 
three  dozen  distinctive  rock  layers;  and 
like  the  Reef,  it  extends  most  of  the  45- 
km  length  of  the  Stillwater  Complex. 
The  Reef,  which  is  distinguished  by  0.5- 
1%  sulfides  and  typically  is  2-3  m  thick, 


is  situated  at  about  mid-level  in  the  zone. 
The  stratigraphic  subdivision  of  TAZX 
is  built  around  ten  olivine-bearing 
members  (C^-Oxo,  Fig.  11B)  that  are 
generally  among  the  more  distinctive 
layers.  The  part  of  the  zone  below  the 
Reef  is  highly  variable  (both  laterally 
and  stratigraphically),  and  for  the  pres- 
ent at  least,  it  is  simply  lumped  as  one 
subzone  (GSZ).  But  from  just  below  the 
Reef  to  the  top  of  TAZb  the  stratigraphy 
is  much  more  orderly,  and  three  sub- 
zones  (AjSZ,  NSZ,  A2SZ)  have  been  de- 
fined that  can  be  identified  over  most 
of  the  length  of  the  intrusion.  More  im- 
portant, however,  is  that  six  cyclic  units 
have  now  been  identified  with  the  up- 
per olivine-bearing  members  (O5B-O10) 
and  traced  for  distances  ranging  from 
20  km  to  almost  40  km.  There  has  been 
some  question  as  to  where  to  draw 
boundaries  between  these  units  (the 
cyclic  lithologic  repetitions  are  clear 
enough;  the  question  is  which  rock  type 
should  come  first),  but  in  five  of  the 
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Fig.  13.  Concentrations  of  platinum-group  elements  and  gold  in  sulfide  zones  in  the  Stillwater 
Banded  Series.  (Concentrations  recalculated  for  100%  sulfides  and  normalized  against  average  con- 
centrations in  CI  chondrites  by  the  method  of  Naldrett  et  at,  1979.)  The  zones  are  numbered  as  in 
Fig.  12.  Values  for  the  Merensky  Reef  and  typical  Sudbury  ore  (from  Naldrett,  1981)  are  shown  for 
comparison. 
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better-developed  units  (5B,  6,  7,  8,  and 
10),  the  natural  sequence  appears  to  be 
anorthosite,  peridotite,  troctolite  (or,  by 
the  cumulate  abbreviations  in  Fig.  11, 
pC,  oC,  poC).  In  two  other  units  (9  and 
11),  the  sequence  is  anorthosite,  olivine 
norite,  norite  (pC,  pboC,  pbC) — and  in 
two  further  possibilities  above  TAZl5  it 
is  anorthosite,  norite  (pC,  pbC).  None 
of  these  sequences  can  be  matched  with 
the  crystallization  orders  defined  above 
for  the  U0  and  A0  liquids,  but  as  de- 
scribed by  Irvine  et  al.  (this  Report), 
they  can  apparently  be  formed  through 
mixing  of  the  liquids.  The  J-M  Reef 
generally  occurs  in  Unit  5B. 

Comparison  of  the  J-M  Reef  and 

Other  Sulfide  Occurrences  in  the 

Banded  Series 

In  their  study  of  the  Stillwater  Banded 
Series,  McCallum  et  al.  (1980)  recorded 
nine  sulfide  zones  in  addition  to  (and 
above)  the  J-M  Reef.  In  the  present 
study,  these  zones  and  several  others 
have  been  sampled  and  analyzed  for  Cu, 
Ni,  S,  PGE,  and  Au.  Their  stratigraphic 
locations  are  shown  in  Fig.  12;  the  PGE 
and  Au  analyses  are  plotted  in  Fig.  13. 

An  especially  notable  feature  of  the 
sulfide  occurrences  is  their  close  asso- 
ciation with  rocks  of  the  anorthositic 
lineage.  In  Fig.  12  the  two  occurrences 
in  Norite  Zone  II  appear  exceptional, 
but  in  the  field  even  these  are  seen  to 
be  close  to  thin  layers  of  anorthosite. 
The  general  association  of  the  sulfides 
with  anorthosite  is  the  principal  reason 
for  believing  that  the  A0  liquid  was  the 
crucial  source  of  sulfur. 

On  the  other  hand,  as  shown  by  the 
plot  of  Pt/S  in  Fig.  12  and  by  the  data 
in  Fig.  13,  the  PGE  are  almost  entirely 
contained  in  the  J-M  Reef  and  do  not 
show  affinities  to  anorthosite.  Their 
concentrations  drop  off  sharply  in  the 
first  two  sulfide  zones  above  the  Reef 
to  abundances  in  the  other  zones  that 
are  2-3  orders  of  magnitude  lower  than 
those  in  the  Reef.  If  the  megacyclic  rep- 
etition of  the  anorthositic  lineage  re- 


flects repeated  additions  of  A0  liquid  (as 
it  is  reasonable  to  suppose),  then  it  is 
clear  that  this  liquid  was  not  a  signif- 
icant source  of  PGE.  In  part  by  default, 
therefore,  but  also  in  accord  with  the 
presence  of  minor  local  concentrations 
of  Pt  and  Pd  in  the  Ultramafic  Series 
(e.g.,  Page  et  al.,  1976),  it  is  inferred 
that  the  PGE  probably  came  from  the 
U0  liquid. 

The  PGE  data  are  significant  in  an- 
other way  to  the  concept  that  the  J-M 
Reef  formed  by  magma  mixing.  Nal- 
drett  and  Cabri  (1976)  pointed  out  that 
the  sulfides  of  the  J-M  Reef,  and  of  the 
Merensky  Reef  in  the  Bushveld  Com- 
plex, are  extraordinarily  rich  in  PGE 
in  comparison  with  the  sulfides  asso- 
ciated with  most  basaltic  and  komati- 
itic  magmas.  (These  magmas  are 
sparingly  represented  in  Fig.  13  by  field 
for  typical  Sudbury  ore;  cf.  Naldrett, 
1981,  for  more  detail.)  On  the  basis  of 
experimentally  measured  (sulfide  liq- 
uid)/(silicate  liquid)  PGE  partition  coef- 
ficients, Naldrett  and  Cabri  concluded 
that  either  (1)  the  Stillwater  and  Bush- 
veld magmas  were  2-3  orders  of  mag- 
nitude richer  in  PGE  than  most  basic- 
ultrabasic  magmas  or  (2)  a  simple  sul- 
fide-segregation  origin  for  the  ore  zones 
was  not  appropriate.  The  present  hy- 
pothesis could  accord  with  both  alter- 
natives. With  regard  to  (1),  if  the  PGE 
were  carried  in  a  different  magmatic 
liquid  than  the  sulfur,  then  their  con- 
centrations in  that  liquid  would  not  be 
limited  by  sulfide-saturation  equilib- 
rium. Their  concentrations  in  the  U0 
liquid  might  originally  have  been  lim- 
ited by  the  saturation  equilibria  of  some 
phase  other  than  sulfide  liquid,  such  as 
Pt-Fe  alloy,  but  those  limits  could  well 
have  been  orders  of  magnitude  larger. 
As  for  (2),  it  will  be  seen  in  the  next 
report  that  the  magma-mixing  mech- 
anism probably  was  not  simple.  Con- 
sidered from  this  perspective,  then,  the 
exceptional  PGE  concentrations  in  the 
sulfides  of  the  J-M  and  Merensky  Reefs 
might  even  be  considered  diagnostic  of 
an  origin  by  magma  mixing. 
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Formation  of  the  Stillwater  J-M 

Reef  by  Concurrent  Fractional 

Crystallization  and  Liquid  Mixing 

in  a  Stratified  Magma  Body* 

T.  N.  Irvine,  D.  W.  Keith,t  and  S.  G.  Toddt 

This  report  is  an  analysis  of  the  pro- 
cesses involved  in  the  formation  of  the 
Stillwater  J-M  Reef,  following  on  the 
arguments  for  precipitation  by  magma 
mixing  summarized  in  the  preceding 
report  by  Keith  et  al.  The  proposed 
mechanism  involves  a  concept  intro- 

*  Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  79-11188. 

tStillwater  PGM  Resources,  Billings,  Mon- 
tana. 


duced  by  Irvine  in  Year  Book  80  (317- 
324)  whereby  whole  sequences  of  cu- 
mulate layers  form  simultaneously  by 
growing  laterally  into  (or  from)  a  strat- 
ified succession  of  magmatic  liquid  lay- 
ers undergoing  double-diffusive 
convection.  The  essential  objective  in 
the  present  analysis  is  to  define  liquid- 
layer  combinations  that  will  evolve  with 
cooling  and  crystallization  in  such  a  way 
as  to  simulate  the  main  stratigraphic 
features  of  the  Stillwater  Complex.  An 
understanding  of  these  features  is  es- 
sential to  the  explanation  of  the  ore  zone. 
The  present  analysis  is  by  no  means 
final,  but  it  accounts  for  many  Still- 
water features,  and  it  appears  also  to 
apply  well  to  certain  relationships  of 
the  Merensky  Pt-Pd  Reef  in  the  Bush- 
veld Complex. 

Stillwater  Magmatic  Relationships 
Prior  to  Formation  of  the  J-M  Reef 

The  analysis  is  developed  in  terms  of 
1-atm  relations  in  the  system  Mg2Si04- 
CaMgSi206-CaAl2Si02-Si02  ( Fo-Di-An- 
Qz;  Fig.  14A) — in  part  for  simplicity, 
but  also  because  reliable  magma  com- 
positions have  not  yet  been  established 
for  Stillwater  (for  example,  from  chilled 
margins).  Model  liquids  are  chosen  that 
have  crystallization  orders  analogous 
to  those  established  for  the  Stillwater 
U0  and  A0  liquids,  and  for  convenience 
they  are  denoted  by  the  same  symbols. 
Their  compositions  are  only  loosely  con- 
strained, but  as  it  turns  out,  they  are 
notably  similar  to  two  kinds  of  chilled 
margins  recently  identified  by  Sharpe 
(1981)  in  sill  offshoots  of  the  Bushveld 
Complex,  a  body  that  resembles  Still- 
water in  many  respects.  Preliminary 
testing  of  the  Bushveld  chilled  compo- 
sitions indicates  that  the  equivalent 
liquids  would  have  the  same  crystalli- 
zation characteristics  and  density  re- 
lationships as  the  model  liquids  (Sharpe, 
1981;  Irvine  and  Sharpe,  this  Report). 

Compositions  of  the  model  U0  and  A0 
liquids  and  their  fractional  crystalli- 
zation paths  are  illustrated  in  Fig.  14A. 
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Fig.  14.  (A)  Liquidus  relations  at  1  atm  for  the  join  Fo-Di-An-Qz  (after  Irvine,  Year  Book  76,  Fig. 
51)  showing  fractional  crystallization  paths  appropriate  to  the  two  parental  liquids  inferred  for  the 
Stillwater  Complex.  (B)  Crystallization  products  and  densities  of  liquids  fractionated  from  the  "mixing 
line"  A0-Ui.  The  rock  names  in  the  various  phase  fields  are  based  on  the  minerals  forming  at  those 
temperatures.  Thus,  anorthosite  is  the  product  of  anorthite  (plagioclase)  fractionation;  peridotite  = 
forsterite;  bronzitite  =  Ca-poor  pyroxene;  troctolite  =  anorthite  +  forsterite;  norite  =  anorthite  + 
Ca-poor  pyroxene;  olivine  gabbro  =  anorthite  +  diopside  +  forsterite;  two-pyroxene  gabbro  = 
anorthite  +  diopside  +  Ca-poor  pyroxene.  The  horizontal  (composition)  scale  is  not  quantitative 
below  the  original  liquidus  because  when  the  end-member  liquids  begin  to  crystallize,  they  follow 
the  nonlinear  paths  shown  in  (A).  By  the  stage  of  the  two-pyroxene  gabbro  field,  all  liquids  are  on 
boundary  pq  in  (A).  Melt  densities  were  computed  by  the  method  of  Bottinga  and  Weill  (1970). 


The  present  analysis  is  concentrated  on 
the  "mixing  line"  from  A0  to  a  point  \Jl 
on  the  U0  fractionation  path  in  the  com- 
position region  where  Ca-poor  pyrox- 
ene is  the  liquidus  phase.  The 
fractionation  products  of  liquids  origi- 
nating on  the  mixing  line,  and  the  dens- 
ities of  their  derivative  liquids,  .are 


shown  as  functions  of  temperature  in 
Fig.  14B.  As  explained  in  the  caption, 
the  crystallization  products  are  iden- 
tified with  Stillwater  rock  names  to  fa- 
cilitate comparisons  with  the  intrusion. 
Thus,  the  A0  liquid  yields  the  anor- 
thositic  lineage  defined  in  the  preced- 
ing report  (anorthosite,  troctolite,  olivine 
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Fig.  15.  Postulated  magmatic  relations  leading  to  the  formation  of  the  J-M  Reef  in  the  Stillwater 
Complex.  Note  the  location  of  the  present  erosion  surface.  (A)  Just  after  the  Basal  and  Ultramafic 
Series  and  the  first  Norite  and  Gabbro  Zones  were  formed  from  liquid  U0  and  its  derivatives;  (B) 
Just  after  the  first  large  injection  of  A0  liquid  prior  to  formation  of  Troctolite-Anorthosite  Zone  I. 
The  circled  numbers  in  (B)  correlate  the  liquid  layers  with  similarly  numbered  liquid  composition- 
temperature  points  in  Fig.  14B.  For  further  discussion,  see  text. 


gabbro,  two-pyroxene  gabbro),  and  the 
Uj  liquid  gives  the  last  part  of  the  ul- 
tramafic lineage  (bronzitite,  norite,  two- 
pyroxene  gabbro).  Note  also  that,  al- 
though A0  has  plagioclase  on  the  liqui- 
dus,  and  U0  has  Ca-poor  pyroxene,  some 
of  their  hybrids  crystallize  olivine  first. 
This  feature  is  important  to  a  magma- 
mixing  origin  for  the  peridotite  and 
troctolite  in  Troctolite-Anorthosite  Zone 
I  (TAZj),  the  stratigraphic  division  that 
hosts  the  J-M  Reef. 

Some  other  reasons  for  the  choice  of 
the  \J1  are  revealed  in  Fig.  15,  portray- 
ing the  Stillwater  Complex  before  and 
after  a  first  major  injection  of  A0  liquid, 
just  prior  to  formation  of  TAZT.  At  the 
stage  shown  in  Fig.  15A,  part  of  the  U 
liquid  is  crystallizing  to  the  two-pyrox- 
ene gabbro  of  Gabbro  Zone  I  (GZj),  the 
stratigraphic  division  that  underlies 
TAZ^  But  in  the  concept  of  lateral  cu- 
mulate growth,  there  can  be  layers  of 
less-fractionated,  denser  liquids  at  lower 
levels  in  the  intrusion  crystallizing  to 
nominally  "earlier"  rocks  in  the  ultra- 
mafic  lineage.  Liquid  Uj  is  considered 


to  be  the  most  primitive  of  these  U0 
residuals.  It  is  slightly  less  dense  than 
A0  when  the  latter  is  on  its  liquidus 
(Fig.  14B);  thus,  when  the  A0  liquid  is 
introduced,  it  underflows  and  elevates 
all  the  U  liquid  column,  as  shown  in 
Fig.  15B.  In  this  way,  the  An-L^  inter- 
face is  brought  to  the  top  of  Gabbro  Zone 
I,  up-dip  from  the  present  erosion  sur- 
face. Crystallization  and  mixing  along 
the  interface  can  then  result  in  lateral 
growth  of  TAZj  in  its  proper  strati- 
graphic position. 

A  major  reason  for  believing  this  syn- 
opsis to  be  realistic  is  that,  in  Fig.  15B, 
the  intrusion  still  has  a  reserve  of  liq- 
uid with  plagioclase  +  bronzite  on  the 
liquidus  that  can  be  parental  to  Norite 
Zone  II  (NZn).  This  type  of  liquid  is  nec- 
essarily a  U0  derivative;  it  cannot  dif- 
ferentiate from  A0.  If  it  was  not  held  in 
reserve,  then  a  new  batch  of  U0  liquid 
would  have  to  be  processed  to  form  NZn, 
but  this  should  also  produce  a  second 
Ultramafic  Series — which  is  nowhere 
to  be  seen.  In  Fig.  15B,  on  the  other 
hand,  not  only  is  the  NZn  parent  liquid 
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in  reserve,  it  is  located  exactly  where 
it  is  needed  for  the  zone  to  grow  in  its 
observed  stratigraphic  position.  More- 
over, the  intrusion  also  has  a  residue 
of  U0  that  can  yield  the  two-pyroxene 
gabbro  of  GZn.  This  liquid  is  less  crit- 
ical to  the  argument  than  the  norite 
parent,  because  JJj  and  A0  both  have 
two-pyroxene  gabbro  as  a  possible  dif- 
ferentiate; nevertheless,  it  too  is  in  the 
appropriate  location  to  yield  GZn  in  its 
observed  position. 

Liquid  Composition-Temperature- 
Density  Relationships  During  the 
Magma  Crystallization-Mixing  Process 

The  liquid-layer  succession  1-7  in  Fig. 
15B  is  identified  by  the  same  numbers 
in  Fig.  14B,  where  it  is  evident  that  the 
succession  must  undergo  marked  ther- 
mal adjustments  (inasmuch  as  temper- 
ature increases  abruptly  from  layer  1 
to  layer  2,  then  decreases  through  to 
layer  7.  In  a  crystallizing  double-dif- 
fusive system,  these  adjustments  could 
have  various  effects  not  readily  pre- 
dictable because  they  involve  nonequi- 
librium  processes.  But  if  the  modeling 
is  on  the  right  track,  it  should  be  pos- 
sible to  draw  clues  from  Stillwater  geo- 
logical relationships  to  guide  the 
predictions.  Features  for  which  an  ex- 
planation is  particularly  desirable  are 
the  cyclic  units  in  TAZj — especially  the 
5B  unit  that  contains  the  J-M  Reef.  As 
described  by  Keith  et  al.  (this  Report), 
these  units  feature  cumulate  sequences 
of  anorthosite-peridotite-troctolite  and 
anorthosite-olivine  norite-norite.  Such 
sequences  could  be  formed  from  the  liq- 
uid-layer succession  a-b-c-d  defined  in 
Fig.  14B.  The  trio  a-b-c  would  give  the 
first  rock  sequence  just  listed;  the  com- 
bination a-c-d  gives  anorthosite-troc- 
tolite-norite,  which  approximates  the 
second.  Note  that  the  full  sequence  from 
a  to  d  features  a  continuous  decrease  in 
density — therefore  it  would  be  gravi- 
tationally  stable — and  a  continuous  de- 
crease in  crystallization  temperature, 
as  is  necessary  if  all  liquids  are  to  crys- 


tal lize  simultaneously  through  upward 
heat  loss  to  the  intrusion  roof.  Atten- 
tion is  now  directed  to  a  process  whereby 
layers  in  the  sequence  1—7  might  evolve 
to  the  sequence  a-d. 

Although  the  A0  liquid  is  denser  than 
Ul  when  they  are  at  their  respective 
liquidus  temperatures,  if  it  is  super- 
heated to  the  temperature  of  U1}  it  be- 
comes less  dense  (see  Fig.  14B).  Thus, 
within  the  framework  of  their  compo- 
sition differences,  A0  is  initially  denser 
than  Uj  only  because  it  is  cooler,  a  re- 
lationship that  could  lead  to  double-dif- 
fusive finger  mixing  along  the  Aq-Uj 
interface  portrayed  in  Fig.  15B  (see  Ir- 
vine, Year  Book  79,  253).  Strictly 
speaking,  this  prediction  pertains  only 
to  the  model  system,  but  to  recall  an 
introductory  comment,  the  relations  of 
the  corresponding  chilled  liquids  asso- 
ciated with  the  Bushveld  Complex  are 
in  accord. 

To  evaluate  the  effects  of  such  mix- 
ing, consider  first  the  schematic  adi- 
abatic  finger-mixing  paths  in  Fig.  14B. 
The  shapes  of  these  paths  are  based  on 
a  general  rule  in  double-diffusive  sys- 
tems— that  thermal  exchange  occurs 
more  rapidly  than  chemical  exchange 
(because  heat  diffusivity  is  much  greater 
than  chemical  diffusivity).  Thus,  along 
the  adiabatic  paths,  the  \J1  liquid  tends 
to  cool  and  then  mix,  and  the  A0  liquid 
tends  to  warm  and  then  mix,  as  they 
converge  on  their  weighted-average 
composition-temperature  point  x. 

The  adiabatic  paths  have  no  geolog- 
ical significance  themselves,  but  they 
point  up  two  observations  that  appear 
to  have  major  importance,  to  Bushveld 
as  well  as  Stillwater.  The  first  is  that, 
although  the  A0  and  Ul  liquids  begin 
to  mix  while  they  are  at  their  respective 
liquidus  temperatures,  hybrids  are  pro- 
duced that  are  at  temperatures  well 
above  their  liquidi.  Such  unsaturated, 
"superheated"  liquids  would  tend  to  as- 
similate any  rock  they  happened  to  con- 
tact— which  process  could  include 
resorption  of  cumulates  that  had  pre- 
cipitated from  the  original  liquids.  It  is 
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suggested  that  such  resorption  under- 
lies the  origin  of  the  so-called  "pothole 
structures"  that  have  been  exposed  in 
large  numbers  by  mining  operations  on 
the  Merensky  Reef,*  and  for  which  there 
is  some  evidence  in  exploration  drifting 
along  the  J-M  Reef  (Todd  et  al.,  1982). 

The  second  observation  arising  from 
the  adiabatic  paths  is  that,  on  mixing, 
the  Ul  liquid  should  pass  through  a 
temperature-composition  region  where 
it  should  crystallize.  Crystallization  has 
its  own  effects  on  melt  density,  so  now 
they  must  be  considered. 

The  effects  can  be  deduced  in  an  ap- 
proximate way  from  Fig.  16.  Through 
the  comparisons  of  melt  densities  ex- 
plained in  the  figure  caption,  a  "poten- 
tial finger-mixing  zone"  has  been  defined 
that  includes  narrow  fields  along  which 
opposing  hybrids  can  converge  by  si- 
multaneous mixing  and  crystallizing. 
As  seen  in  Fig.  16A,  the  A0  field  con- 
tains the  temperature-composition  point 
a  from  Fig.  14B,  and  the  L^  field  con- 
tains point  b.  These  points,  it  is  re- 
called, represent  the  first  two  members 
of  a  liquid-layer  sequence  that  would 
yield  the  cyclic  units  in  TAZj.  The  mix- 
ing-crystallization process  would  ap- 
pear, therefore,  to  be  a  key  phenomenon. 

Given  this  possibility,  the  next  step 
is  to  evaluate  the  effects  of  the  mixing 
on  the  compositions  of  liquid  layers  3- 
7.  Because  of  their  temperature  and 


*Typical  Merensky  Reef  potholes  appear  as 
steep-walled  circular  cavities  in  the  cumulate 
layers  beneath  the  ore  zone,  where  they  have  ev- 
idently formed  by  the  removal  of  material.  They 
range  from  a  few  tens  to  several  hundred  meters 
in  diameter  and  from  several  meters  to  a  few  tens 
of  meters  in  depth.  The  Reef,  which  is  usually 
about  a  meter  thick,  extends  to  the  edges  of  the 
potholes  (in  some  cases  with  slight  thinning),  then 
drops  into  them  and  covers  their  floors.  (See,  for 
example,  Cousins,  1964.)  Cumulate  layers  above 
the  Reef  gradually  fill  and  cover  the  structures. 
The  authors'  impression  from  their  limited  ob- 
servations is  that  the  potholes  are  commonly  cut 
through  a  refractory  "cap  rock"  of  either  anor- 
thosite  or  pyroxenite  into  rock  of  lower  melting 
temperature.  In  Bushveld  the  latter  is  generally 
norite;  at  Stillwater  it  is  two-pyroxene  gabbro 
(given  that  potholes  really  exist  there). 


density  relationships,  all  layers  from  2 
to  7  would  probably  be  separated  by  dif- 
fusive interfaces  and  so  would  tend  to 
remain  separate.  But  if  they  were  all 
crystallizing  to  laterally  growing  lay- 
ers of  cumulates,  then  each  should  be 
releasing  low-density  residual  liquid  to 
its  overlying  neighbor  along  the  cu- 
mulate growth  front  (see  Irvine,  Year 
Book  80,  Fig.  34).  In  this  way  the  com- 
position and  temperature  effects  of  the 
finger  mixing  could  be  transmitted 
through  the  rest  of  the  liquid  column. 
A  quantitative  treatment  of  this  pro- 
cess is  not  yet  possible,  even  for  the 
model  system,  but  Fig.  17  shows  qual- 
itatively what  is  probably  the  simplest 
evolutionary  sequence.  Thus,  as  crys- 
tallization and  mixing  of  layers  1  and 
2  shift  their  compositions  toward  a  and 
b,  respectively,  upward  transfer  of  re- 
sidual melt  from  2  causes  the  overlying 
layers  to  follow  its  temperature-com- 
position path,  layer  3  shifting  toward  c, 
4  toward  d,  and  so  on.  The  time  profiles 
(t0,  tj,  etc.)  reveal  still  other  effects,  but 
these  cannot  be  discussed  here. 

Physical  Description  of  the 
Crystallization-Mixing  Process 

Figure  18  represents  an  attempt  to 
translate  the  conceptual  framework  of 
Fig.  17  into  diagrams  showing  how  the 
cumulate  layers  might  actually  grow 
and  the  liquid  layers  convect.  Figures 
18A  and  18B  portray  different  evolu- 
tionary stages,  18B  applying  specifi- 
cally to  the  formation  of  Cyclic  Unit  5B 
and  the  J-M  Reef.  Figure  18C  is  essen- 
tially equivalent  to  18B  but  is  probably 
more  nearly  true  to  scale. 

In  all  three  diagrams,  crystallization 
produces  one  cyclic  unit,  with  the  A0 
derivative  liquid  yielding  a  basal  layer 
of  anorthosite.  Crystallization  at  the 
accreting  front  of  this  layer  yields  a 
dense  residual  liquid  that  circulates 
downward  along  the  front,  whereas 
above  the  finger  interface,  the  residual 
liquids  are  more  buoyant  than  their  re- 
spective parents  and,  therefore,  rise.  The 
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Fig.  16.  Further  analysis  of  the  density-temperature  relations  of  liquids  fractionated  from  the  A0- 
Ui  join.  Diagram  (B),  extracted  from  (A),  compares  the  densities  of  the  liquids  that  can  be  derived 
from  A0  and  its  hybrids  by  fractional  crystallization  and  superheating  with  the  densities  of  the  liquids 
that  can  be  fractionated  from  \Jl  and  its  hybrids.  The  wedge  of  ruled  fields  where  the  U  liquids  are 
denser  than  the  A  liquids  at  the  same  temperature  includes  all  combinations  of  these  liquids  that 
could  undergo  double-diffusive  finger-mixing  along  the  A„-Ui  interface  in  Fig.  15B  (given  that  the 
necessary  Rayleigh  number  requirements  are  also  satisfied;  cf.  Turner,  1973,  254).  When  these  fields 
are  transposed  back  to  (A),  they  delimit  the  potential  finger-mixing  zone,  cdef\]x.  Thus,  for  example, 
liquids  a  and  b  on  opposite  sides  of  this  envelope  along  the  density  contour  2.60  g  cm  '  represent 
possible  maximum  ranges  of  composition  and  temperature  through  such  an  interface.  For  further 
description,  see  text. 


joint  effect  of  these  contrasting  circu- 
lation patterns  is  that  the  unsaturated 
hybrids  in  the  finger  interface  are  con- 
tinuously drawn  to  the  upper  surface  of 
the  anorthosite,  where  they  dissolve 
some  of  the  rock,  producing  a  fluted  or 
reversely  "dimpled"  contact  (Fig.  18A 
and  B;  cf.  Lee,  1981) — and,  perhaps, 
potholes  (Fig.  18C).  As  the  hybrids  dis- 
solve anorthosite  (or  any  other  plagio- 
clase-rich  rock),  they  become  more 
buoyant  and,  therefore,  also  rise.  An 
overall  effect  of  this  transfer  is  that  all 
liquid  interfaces  should  subside  into  the 
intrusion;  consequently,  the  rock  lay- 


ers, in  pursuing  their  respective  parent 
liquid  layers,  grow  dipping  into  the 
magma  body. 

Another  important  feature  of  this 
scheme  is  that  cyclic  units  can  be  re- 
peated simply  by  re-elevating  their  par- 
ent liquid-layer  sequence  by  intruding 
new,  dense  liquid  beneath  it  (as  in  Fig. 
15B).  The  same  sequence  of  liquids  can 
then  crystallize  to  another  swath  of  the 
same  cumulates.  In  such  case,  cyclic 
units  should  generally  terminate  in  their 
direction  of  growth.  This  possibility  is 
certainly  reasonable  for  the  Muskox  in- 
trusion, and  it  is  amenable  to  testing 
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Fig.  17.  Diagram  illustrating  qualitatively  the  temperature-composition-density  evolution  of  the 
liquid  layer  succession  1-7  in  Figs.  14B  and  15B  as  the  liquids  crystallize  and  layers  1  and  2  undergo 
finger  mixing.  For  further  explanation,  see  text. 


in  many  intrusions.  Another  prediction 
is  that  cyclic  units  should  show  lateral 
as  well  as  stratigraphic  fractionation 
trends:  In  fact,  if  cyclic  units  are  re- 
peated in  the  manner  just  suggested, 
what  are  really  lateral  trends  may  com- 
monly be  transposed  into  stratigraphic 
changes  from  unit  to  unit.  This  possi- 


bility appears  particularly  applicable 
to  some  of  the  repeated  "markers"  and 
"reefs"  in  the  Bushveld  Complex. 

In  Fig.  18A  some  of  the  U0  residue  is 
still  crystallizing  bronzite,  but  its  bot- 
tommost part  has  become  so  hybridized 
that  it  has  olivine  on  the  liquidus 
throughout  and  the  next  increment  has 
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Fig.  18.  Illustrations  of  the  physical  processes  involved  in  the  crystallization-mixing  scheme  out- 
lined in  Fig.  17.  In  (A)  and  (B),  the  inclination  and  thicknesses  of  the  rock  layers  have  been  exaggerated 
for  clarity.  Diagram  (C)  is  perhaps  more  nearly  to  scale,  although  even  here  the  inclinations  of  the 
rock  layers  and  growth  front  may  well  be  exaggerated.  Geometrically,  if  the  angle  between  the  rock 
layers  and  their  growth  front  is  small,  the  rock  layers  can  be  much  thinner  than  their  parental  liquid 
layers.  But  in  actuality,  this  relationship  would  depend  on  the  inclination  of  the  surface  from  which 
the  growth  of  the  rock  layers  was  initiated  and  on  how  much  of  its  particular  rock  product  each  liquid 
layer  would  yield. 


begun  similarly  to  change.  These  parts, 
therefore,  are  yielding  peridotite,  and 
in  time  they  should  change  still  further 
to  yield  troctolite  (cf.,  the  paths  of  lay- 
ers 2  and  3  in  Fig.  17).  Higher  in  the 
liquid  column  another  layer  that  had 
originally  crystallized  only  bronzite  has 


become  sufficiently  changed  by  crys- 
tallization and  hybridization  that  it  has 
begun  to  yield  plagioclase  as  well,  pro- 
ducing a  new  wedge  of  norite  (cf.  the 
paths  of  layers  4  and  5  in  Fig.  17). 

The  cumulate  sequence  in  Fig.  18A 
has  not  been  observed  in  the  Stillwater 
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Complex,  possibly  because  it  has  been 
eroded  away  or  perhaps  because  it  is 
contained  in  a  cyclic  unit  beneath  05B 
not  yet  exposed  by  erosion.  A  more  con- 
crete observation,  however,  is  that  the 
cumulate  sequence  roughly  approxi- 
mates that  associated  with  the  Mer- 
ensky  Reef  in  the  Bushveld  Complex. 

In  Fig.  18B  the  U  liquids  that  had 
originally  crystallized  bronzite  have  now 
changed  to  crystallizing  peridotite  and 
troctolite,  and  immiscible  sulfide  liquid 
is  precipitating  to  form  the  J-M  Reef. 
Ideally  in  this  scheme,  one  would  like 
the  Reef  to  form  in  the  peridotite  layer 
opposite  the  liquid  above  the  finger  in- 
terface where  convective  mixing  is 
strong — and  indeed,  in  some  places  it 
does  have  that  location.  More  com- 
monly, however,  it  is  in  the  troctolite 
layer,  generally  near  either  its  bottom 
or  the  top  contact,  locations  that  are 
more  difficult  to  rationalize.  One  pos- 
sibility is  that  the  sulfide  liquid  accu- 
mulated in  the  peridotite  but  was 
redistributed  by  postcumulus  compac- 
tion effects;  another  is  that  the  sulfide 
droplets  did  not  nucleate,  or  were  too 
small  to  segregate,  without  some  crys- 
tallization of  the  silicate  liquid  along 
the  cumulate  front;  a  third  is  that  the 
magma  mixing  became  critical  to  sul- 
fide precipitation  only  where  fraction- 
ated, mixed  liquid  was  being  transferred 
past  the  edges  of  the  overlying  diffusive 
interfaces.  These  and  other  alterna- 
tives are  still  under  consideration.  But 
in  any  case,  given  that  the  concepts  of 
Fig.  18  are  generally  valid,  it  appears 
likely,  geologically  and  theoretically, 
that  both  the  L^  and  A0  liquids  would 
have  to  undergo  substantial  cooling  (and 
enrichment  in  Cu,  Fe,  and  S)  by  crys- 
tallization and  mixing  before  the  mix- 
ing process  would  become  effective  in 
causing  sulfide  precipitation. 
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Source-Rock  Compositions  and 

Depths  of  Origin  of  Bushveld  and 

Stillwater  Magmas* 

T.  N.  Irvine  and  M.  R.  Sharpe  t 

The  finding  described  in  the  forego- 
ing reports  by  Keith  et  al.  and  Irvine  et 
al.  that  the  Bushveld  and  Stillwater 
Complexes  formed  from  similar  pairs  of 
distinctive  parent  liquids  (denoted  U0 
and  A0,  with  fractionated  derivatives 
Uly  U2,  etc.,  and  Al5  A2,  etc.)  raises  new 
problems  in  their  comparison.  The 
questions  now  arise:  Why  these  partic- 
ular two  liquids,  and  why  are  they  pres- 
ent in  both  intrusions? 

In  an  attempt  to  establish  where  the 
liquids  originated,  a  petrogenetic  grid 
has  been  compiled  describing  pertinent 
melting  relations  in  the  system  CaO- 
MgO-Al203-Si02  (CMAS)  from  1  atm  to 
upper  mantle  pressures.  These  rela- 
tions model  a  wide  range  of  basic  mag- 
mas and  possible  source  rocks,  and 
although  the  compilation  has  many 
limitations  and  uncertainties,  it  pro- 
vides rather  compelling  indications  that 
the  U0  liquids  came  from  deep  in  the 

*  Research  supported  in  part  by  National  Sci- 
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upper  mantle  (from  perhaps  180-200 
km),  whereas  the  A0  liquids  probably 
melted  from  the  bottoms  of  thick  (40- 
50  km)  segments  of  continental  crust. 

Liquid  Composition  Relations 

Two  chemographic  projections  are 
used  to  illustrate  the  CMAS  melting 
relations  and  to  compare  them  with  the 
Bushveld-Stillwater  magma  composi- 
tions. Within  CMAS  (Fig.  19),  one  of 
the  projections  is  from  Di  onto  the  plane 
CaAl204-MgO-Si02;  the  other  is  from 


Fo  onto  Wo-Sp-Si02.*  For  rock  compo- 
sitions, FeO,  NiO,  and  MnO  are  com- 
bined with  MgO,  and  the  analyses  are 
additionally  projected  from  Mt,  II,  and 
Ap,  and  from  either  Ab  for  low-pressure 


*Abbreviations  for  CMAS  components  and 
phases:  Fo,  forsterite;  Di,  diopside;  Wo,  wollas- 
tonite;  Py,  pyrope;  Gr,  grossularite;  Gt,  Py  +  Gr; 
An,  anorthite;  Sp,  spinel;  Qz,  quartz  and  other 
low-pressure  silica  polymorphs;  Cs,  coesite;  Cn, 
corundum;  L,  liquid.  Norm  components  for  rocks: 
01,  olivine;  Cpx,  augite;  Opx,  hypersthene;  Ab, 
albite;  Jd,  jadeite;  Mt,  magnetite;  II,  ilmenite;  Ap, 
apatite. 


CaO 


CaO 


C0AI2O4 


AI03/2 


MgO 


Fo  En 

Di   projection 


Si02      MgAI204   M^Ts    Py 

Fo    projection 


Si02 


Fig.  19.  The  system  CaO-MgO-Al203-Si02  (CMAS),  showing  the  compositions  of  the  solid  phases 
of  interest  here  and  the  development  of  projections  from  Di  and  Fo. 
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conditions  or  Jd  for  high  pressures  (>10 
kbar). 

The  estimated  compositions  for  the 
Bushveld-Stillwater  U0  and  A0  liquids 
are  essentially  based  on  analyses  of 
chilled  margins  of  sill  offshoots  of  the 
Bushveld  Complex  (Table  10  and 
Sharpe,  1981),t  but  they  also  strongly 
reflect  considerations  of  the  cumulate 
makeup  of  both  intrusions.  As  seen  in 
Fig.  20,  the  Bushveld  analyses  fall  into 
three  clusters,  typed  "Uj,"  "A^"  and  "U0 
+  olivine."  Fine-grained  textures  in- 
dicative of  chilling  are  best  developed 
in  the  Ux  and  A1  samples,  but  in  both 
cases,  comparisons  of  the  crystalliza- 
tion orders^  of  chemically  equivalent 
melts  with  the  cumulate  lineages  of  the 
intrusions  indicate  that  the  quenched 
compositions  represent  somewhat  frac- 

tTo  date  at  least,  Stillwater  chilled  margins  do 
not  appear  to  be  reliable  indicators  of  liquid  com- 
position (Page,  1979). 

t  Deduced  both  from  the  approximate  liquidus 
boundaries  in  Fig.  20  and  by  the  computer  method 
of  Nathan  and  Van  Kirk  (1978). 


tionated,  derivative  liquids,  not  pri- 
mary (or  even  primitive  parental)  melts. 
The  group  U0  +  olivine  includes  some 
rocks  with  coarse,  arborescent  growths 
of  olivine  not  unlike  the  quenched,  spi- 
nifex  olivine  of  komatiitic  lavas,  but 
these  rocks  also  contain  cumulus 
chromite,  so  they  too  are  not  just 
quenched  liquids.  They  are  probably 
close,  however,  to  being  simple  combi- 
nations of  cumulus  olivine  and  chrom- 
ite plus  quenched  olivine-rich  liquid,  in 
which  case  the  true  U0  liquid  should 
plot  somewhere  between  the  two  clus- 
ters of  U  analyses,  as  indicated  in  Fig. 
20A. 

The  U  compositions  are  unusual  for 
basic  magmas  in  that  they  are  very  rich 
in  normative  Opx,  but  this  feature  is 
appropriate  to  Bushveld  and  Stillwater 
because  it  accords  with  the  abundant 
development  of  cumulate  harzburgite 
and  orthopyroxenite  in  both.  Compared 
with  volcanic  rocks,  the  \J1  composi- 
tions closely  resemble  boninites  (Fig. 
20).  Their  occurrence  is  totally  differ- 


TABLE  10.  Selected  Analyses  of  Bushveld  Quenched  Rocks,  As  Classified  in  Fig.  20,  and 
Compositions  Used  in  Magma-Mixing  Calculations 


Analyzed  Compositions 

Used 

in  Calculations 

U0  +  Olivine 

U, 

Ax 

u, 

A0 

(AP-1)* 

(C0255) 

(CO250) 

(C0255) 

(CO250  +  17%  An70) 

Si02 

47.44 

56.26 

51.15 

56.26 

51.49 

Ti02 

0.15 

0.28 

0.59 

0.28 

0.49 

A1203 

5.31 

10.63 

15.76 

10.63 

17.87 

Fe203 

1.05 

1.07 

1.18 

1.07 

0.98 

FeO 

8.49 

8.69 

9.58 

8.69 

7.95 

MnO 

0.16 

0.19 

0.20 

MgO 

32.31 

14.35 

7.68 

14.35 

6.37 

CaO 

3.21 

5.93 

11.09 

5.93 

11.77 

Na20 

0.51 

1.48 

2.39 

1.48 

2.59 

K20 

0.21 

0.78 

0.19 

0.78 

0.16 

p2o5 

0.02 

0.07 

0.11 

Cr203 

0.91 

0.22 

0.05 

NiO 

0.23 
100.00 

0.06 
100.00 

0.03 
100.00 

Total 

99.50 

99.67 

Liquidus 

temperature,t  °C 

1316 

1225 

Melt  density  $  at  own  liquidus, 

g  cm"3 

2.634 

2.645 

Melt  densityt  at  Ut  liquidus,  g 

cm"3 

2.634 

2.631 

*Sample  numbers  in  parentheses. 

tComputed  by  the  method  of  Nathan  and  Van  Kirk  (1978) 

^Computed  by  the  method  of  Bottinga  and  Weill  (1970). 
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+  Olivine 


U0  type, 
+  olivine 


Fig.  20.  Augite  and  olivine  projections  of  analyses  of  chilled  margin  samples  from  Bushveld  sills 
(Sharpe,  1981),  and  comparative  fields  for  boninites  (data  from  Cameron  et  ah,  1979;  Shiraki  et  al., 
1980).  The  heavy  dashed  lines  are  approximate  liquidus  boundaries  for  basic  magmas  at  1  atm  (cf. 
Irvine,  1979). 


ent,  of  course,  except  for  a  similarity  of 
the  extreme — the  U^  liquids  occupied 
the  world's  largest  layered  intrusion; 
boninites  are  associated  with  the  world's 
deepest  oceanic  trench  system. 

The  Ax  compositions  are  those  of  ol- 
ivine-normative  tholeiites  not  unlike 
mid-ocean  ridge  basalts.  In  the  projec- 
tions (Fig.  20),  they  cluster  along  the 
1-atm  olivine-plagioclase  cotectic,  a  re- 
lationship that  has  been  confirmed  for 
selected  analyses  with  the  program  of 
Nathan  and  Van  Kirk  (1978).  Such  liq- 
uids should  yield  troctolite  and  olivine 
gabbro  on  fractional  crystallization,  as 
required  particularly  for  the  Stillwater 
anorthositic  lineage.  They  are  not  likely 
to  yield  much  anorthosite,  as  found  in 
both  intrusions — and  certainly  not  the 
large  proportions  exposed  at  Stillwa- 
ter— but  because  they  have  the  other 
characteristics  essential  to  the  A0  liq- 
uid, they  are  assumed  to  represent  de- 
rivative liquids  from  which  plagioclase 


had  been  fractionated.  No  final  decision 
has  been  made  as  to  how  much  plagio- 
clase is  fractionated,  but  the  17  wt  % 
shown  in  Table  10  would  yield  about  an 
average  of  the  proportions  of  anortho- 
site observed  in  the  two  intrusions. 

With  regard  to  the  projections  of  the 
A  liquids,  it  is  noted  that  in  CMAS,  the 
olivine-plagioclase  cotectic  is  closer  to 
An  than  it  is  in  iron-bearing  basic  mag- 
mas; hence  the  model  A0  must  also  be 
shifted  in  that  direction  relative  to  the 
natural  composition  represented  in  Fig. 
20. 

The  CMAS  Petrogenetic  Grid 

The  CMAS  pressure-temperature  grid 
is  shown  in  Fig.  21,  together  with  pro- 
jections of  diopside  saturation  surfaces 
at  selected  pressures.  The  construction 
of  the  diagrams  involved  frequent  in- 
terpolation and  extrapolation  of  the 
control  data,  and  some  features  (such 
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as  the  relations  of  the  high-silica  qua- 
ternary melts)  are  still  largely  uncon- 
trolled. The  P-T  curves  are  bound  by 
Schreinemakers'  rules,  however,  and  the 
overall  results  seem  qualitatively  rea- 
sonable. The  P-T  curves  in  the  grid 
mostly  describe  trajectories  of  isobaric 
liquidus  invariant  points  shown  in  the 
composition  diagrams;  in  fact,  the  melt- 
ing equations  are  deduced  from  the  ways 
the  cotectic  and  peritectic  phase  bound- 
aries intersect  at  these  points.  (In  other 
words,  the  melting  equations  derive  from 
polythermal  diagrams,  in  contrast  to 
equations  of  solid-solid  reactions,  which 
are  usually  illustrated  by  tie-line  cross- 
overs in  isothermal  sections.) 

Particularly  significant  in  Fig.  21  is 
that  the  isobaric  invariant  points  tend 
to  be  paired  in  association  with  the  solid- 
solid  reactions.  Thus,  when  one  of  these 
reactions  occurs,  the  two  points  delim- 
iting the  boundary  common  to  the  liq- 
uidus volumes  of  the  reacting  minerals 
merge,  and  two  new  points  develop  in 
their  place.  A  prime  example  accom- 
panies the  reaction  Fo  +  An  =  Di  + 
En  +  Sp;  another,  the  reaction  Di  + 
En  +  Sp  =  Fo  +  Gt.  An  alternative 
event  is  the  appearance  of  three  invar- 
iant points  where  only  one  existed,  as 
happens  when  the  Gt  field  first  appears 
at  about  17  kbar  through  the  reaction 
Di  +  En  +  An  +  Sp  =  Gt. 

A  rather  surprising  feature  of  CM  AS, 
noted  by  Presnall  et  al.  (1979)  for  the 
range  0-20  kbar  and  apparently  valid 
to  at  least  30  kbar,  is  the  absence  of 
thermal  divides  in  the  melting  rela- 


tions. Virtually  all  the  invariant  points 
in  the  projections  in  Fig.  21  are  peri- 
tectics  on  a  network  of  liquidus  bound- 
aries leading  to  "residua"  melts  near 
the  Di- An-Qz  join. 

A  major  change  may  be  in  the  mak- 
ing in  the  30-40  kbar  range,  though, 
near  the  Fo  apex  where  two  peritectic 
points  appear  to  be  changing  to  eutec- 
tics  as  the  melting  of  Gt  in  association 
with  Di  changes  from  incongruent  to 
congruent.  At  one  of  these  points,  Fo 
melts  with  Di,  En,  and  Gt;  at  the  other, 
with  Di,  Gt,  and  Sp.  The  first  was  lo- 
cated experimentally  at  40  kbar  by  Davis 
and  Schairer  (Year Book  64),  who  iden- 
tified it  as  a  peritectic  at  the  high-tem- 
perature end  of  a  boundary  leading  to 
the  spinel  liquidus  volume  through  the 
join  Di-Fo-Gt.  The  other  point  has  not 
been  investigated  experimentally  but 
is  theoretically  paired  to  the  first 
through  the  second  reaction  listed  above. 
It  too  may  still  be  a  peritectic  at  40 
kbar,  but  if  the  Gt  field  continues  to 
develop  as  suggested  by  the  30-  and  40- 
kbar  diagrams,  then  both  points  may 
well  be  eutectics  by  50  kbar. 

The  first  of  the  invariant  points  just 
mentioned  models,  of  course,  the  melt- 
ing of  garnet  lherzolite,  a  popular  source 
rock  for  many  magmas  from  the  upper 
mantle.  From  where  the  point  first  ap- 
pears at  about  23  kbar  (at  G)  through 
to  40  kbar,  its  composition  shifts  strongly 
toward  the  Fo-En  join — or,  in  Bush- 
veld-Stillwater  terms,  toward  U0.  Be- 
cause this  shifting  accompanies  the 
above-indicated  congruency  change  in 


Fig.  21.  (facing  page).  Provisional  petrogenetic  grid  for  part  of  CMAS,  showing  pertinent  subsolidus 
and  melting  reactions,  plus  projected  diopside  saturation  surfaces  at  selected  pressures.  Compiled 
from  Presnall  et  al.  (1978,  1979),  Boyd  and  England  (Year  Book  61,  107-112;  and  1963),  Clark  et  al. 
(Year  Book  61,  54-68),  Davis  (Year Book  63,  165-171),  Davis  and  Schairer  (Year Book  64,  123-126), 
Emslie  (Year Book  69,  148-155),  Hariya  and  Kennedy  (1968),  Hays  (Year Book  65,  234-239),  Hytonen 
and  Schairer  (Year  Book  60,  125-134),  Jenkins  and  Newton  (1979),  Kushiro  (1969,  1972),  Kushiro 
and  Yoder  (1966;  Year  Book  73,  266-269),  O'Hara  (Year  Book  63, 116-118),  O'Hara  and  Yoder  (1967), 
O'Hara  et  al.  (1971),  O'Neill  (1981),  Schairer  and  Kushiro  (Year Book  64,  100-103),  and  Wood  (1978). 
The  heavy  P-T  curves  pertain  to  reactions  and  melting  relations  within  the  four-component  system; 
the  lighter  curves  define  relations  for  specific  compositions  and  joins  as  identified  in  square  brackets. 
Points  A-J  are  invariant  points  in  pressure-temperature-composition  space;  points  S0-S3  are  pos- 
tulated singular  points.  The  illustrated  data  points  represent  only  part  of  the  data  that  have  been 
considered  in  the  compilation. 
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garnet  melting,  the  P-T  trajectory  of 
the  invariant  point  is  likely  to  show  a 
temperature  culmination  (not  neces- 
sarily a  maximum)  as  the  Fo  (  +  Di) 
field  recedes  across  the  Gt  (  +  Di)  join. 
(The  prototype  for  this  prediction  oc- 
curs in  two-component  systems  when, 
as  pressure  increases,  a  peritectic  as- 
sociated with  incongruent  melting  of  an 
intermediate  compound  rises  to  the 
melting  point  of  the  compound,  then 
changes  to  a  eutectic  and  descends  off 


the  other  side;  cf  Bell  and  Roseboom, 
1969.)  Such  a  culmination  would  tend 
to  deter  melting,  but  it  might  also  be 
succeeded  at  depth  by  a  temperature 
depression  delimiting  a  region  favor- 
able to  melting.  The  latter  possibility, 
though  speculative,  is  intriguing  here, 
because  the  pressures  would  be  appro- 
priate to  the  subcontinental,  seismic  low 
velocity  zone,  an  upper  mantle  feature 
that  is  widely  attributed  to  partial 
melting.  The  suggestion  is  that  the  in- 


A0  liquid 


Fo(OI-Jd)  projection 

Fig.  22.  Projections  illustrating  the  shifting  with  pressure  of  CMAS  melt  compositions  in  equilib- 
rium with  four-phase  lherzolite  and  gabbro-granulite  assemblages,  with  extrapolations  as  needed  to 
estimate  the  sources  of  the  Bushveld-Stillwater  A0  and  U0  liquids.  The  solidus  melts  are  nominally 
identified  with  various  natural  magmas.  Also  plotted  are  parental  liquid  compositions  estimated  by 
Irvine  (1979)  for  the  lavas  of  Kilauea  (K59,  Kph)  and  Mauna  Loa  (ML)  volcanoes,  and  for  olivine- 
rich  mid-ocean  ridge  basalt  (MORB).  These  compositions  are  projected  from  Jd,  apropos  considerations 
of  a  high-pressure  origin.  (Note  in  (A)  that  the  estimated  Hawaiian  parental  liquids  appear  themselves 
to  be  derivative  from  liquids  richer  in  olivine.) 
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variant  point  composition,  U0,  and  the 
melting-temperature  low  might  all  be- 
come coincident  within  this  zone. 


Magma  Sources  and  Depths  of 
Formation 

The  estimates  to  follow  are  based  on 
the  familiar  assumption  that  primary 
magmas  are  usually  the  lowest-tem- 
perature melts  that  can  be  formed  in 
their  source  regions.  In  CMAS,  these 
melts  are  represented  by  the  liquidus 
invariant  points  in  the  isobaric  projec- 
tions— that  is,  they  are  the  melts  in 
equilibrium  with  four-mineral  assem- 
blages. Melting  could  continue  beyond 
the  stage  that  one  or  more  of  the  min- 
erals was  completely  consumed,  but  be- 
cause melting  temperatures  typically 
begin  to  increase  rapidly  at  that  stage, 
it  is  expected  that  magma  formation 
would  generally  be  curtailed. 

The  four-mineral  assemblages  most 
pertinent  to  the  upper  mantle  and  deep 
continental  crust  are  the  "lherzolite" 
combinations  of  Fo  +  Di  +  En  plus  An, 
Sp,  or  Gt,  and  the  "granulite"  combi- 
nations of  An  +  Di  +  En  plus  Sp  or 
Gt.  The  compositions  of  the  melts  in 
equilibrium  with  these  assemblages  (as 
best  they  can  be  estimated  from  avail- 
able data)  are  projected  in  Fig.  22;  their 
P—T  trajectories  are  isolated  in  Fig.  23. 
For  convenience  of  reference,  the  melts 
are  nominally  identified  with  common 
magmas.  Also,  because  of  indications 
that  the  Bushveld  and  Stillwater  U0 
liquids  formed  at  pressures  well  in  ex- 
cess of  the  40-kbar  limit  of  the  experi- 
mental control  data,  estimated  parental 
liquids  for  tholeiitic  Hawaiian  lavas  are 
plotted  for  comparison.  These  magmas 
are  usually  attributed  to  relatively  dry 
melting  of  garnet  lherzolite  deep  in  the 
upper  mantle;  thus  their  compositions 
have  been  used  to  guide  the  CMAS  ex- 
trapolations. 

A  particularly  important  feature 
shown  in  Fig.  23A  is  that  at  9  kbar,  as 
a  consequence  of  the  reaction  Fo  +  An 
=  Di  +  En  +  Sp,  the  lherzolite  and 


CMAS   temperature  scale, °C 
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Fig.  23.  Summary  pressure-temperature  dia- 
gram for  the  solidus  melts  in  Fig.  22,  with  ap- 
proximate earth  temperature  and  depth  scales 
(which  include  some  allowance  for  the  effects  of 
partial  substitution  of  FeO  for  MgO;  cf.  O'Neill, 
1981). 


granulite  melt  compositions  diverge 
dramatically,  the  lherzolite  melts  shift- 
ing toward  the  Fo-En  join,  the  granulite 
melts  toward  An.  A  gross  extrapolation 
is  involved,  but  it  appears  that  the  gar- 
net lherzolite  melt  might  reach  the  U0 
composition  at  about  70  kbar.  Note  in 
Fig.  23  how  melting  at  this  depth  in 
response  to  adiabatic  upwelling  could 
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be  favored  by  the  melting-temperature 
depression  mentioned  above. 

As  for  A0,  its  relations  in  Fig.  23  seem 
clearly  to  indicate  that  it  cannot  be 
melted  from  lherzolite  but  must  derive 
from  an  olivine-free,  plagioclase-bear- 
ing  assemblage,  probably  in  a  crustal 
rather  than  upper  mantle  environ- 
ment. From  9  kbar  to  about  17  kbar, 
the  most  plausible  source  assemblage 
is  Di  +  En  +  An  +  Sp,  but  although 
its  melt  becomes  richer  in  An  with  pres- 
sure, it  is  indicated  still  to  be  only  mar- 
ginally anorthositic*  in  the  16-kbar 
range.  A  better  source  assemblage  ap- 
pears to  be  Di  +  An  +  Gt  +  Sp.  In  the 
still  provisional  compilation,  this  as- 
semblage melts  stably  only  at  17-18 
kbar,  but  it  should  give  a  more-anor- 
thositic  liquid  than  any  other  geologi- 
cally plausible  four-mineral  assemblage 
in  CMAS.  The  pressure  is  high  for  a 
crustal  environment  but  should  be  low- 
ered somewhat  by  partial  substitution 
of  FeO  for  MgO.  (See  the  tentative  earth 
pressure  scale  in  Fig.  23.)  On  the  other 
hand,  the  double  requirement  of  a  spe- 
cial source  assemblage  and  a  special 
melting  pressure  could  well  be  perti- 
nent to  the  rather  restricted  occurrence 
of  anorthosite  in  the  earth. 
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Density  and  Compressional  Wave 

Velocity  of  Basaltic  and 

Andesitic  Liquids 

Tsutomu  Murase 

The  Murnaghan-Birch  equation  has 
been  used  as  the  equation  of  state  of  a 
substance,  from  which  the  density  and 
its  derivatives,  such  as  bulk  modulus, 
can  be  calculated  for  high  pressure  and 
temperature.  In  the  present  paper  the 
density  and  compressional  wave  veloc- 
ity of  basaltic  and  andesitic  liquids  were 
determined  at  1  atm,  and  the  bulk  mod- 
ulus was  calculated.  The  density  and 
bulk  modulus  at  1  atm  are  used  in  the 
calculation  of  the  density,  bulk  modu- 
lus, and  compressional  wave  velocity  at 
high  pressure.  The  results  on  density 
for  a  basaltic  liquid  were  compared  with 
the  experimental  data  of  Fujii  and  Ku- 
shiro  (Year  Book  76,  419-424)  at  high 
pressure.  The  density,  compressional 
wave  velocity,  and  bulk  modulus  were 
calculated  for  depth  to  the  seismic  low- 
velocity  zone,  LVZ,  to  determine  the 
physical  properties  of  the  zone  (e.g.,  Nur, 
1972). 

The  density  and  compressional  wave 
velocity,  respectively,  were  measured 
by  the  Archimedian  method  and  a  mod- 
ified pulse-transmission  technique 
(Murase  and  McBirney,  1973).  The 
samples  used  in  the  present  experi- 
ments are  Kilauea  1921  olivine  thol- 
eiite  (KOT)  (Yoder  and  Tilley,  1962)  and 
Crater  Lake  calcalkalic  andesite  (CLA). 

The  data  obtained  on  the  density  and 
the  compressional  wave  velocity  at  1 
atm  are  shown  as  a  function  of  tem- 
perature in  Fig.  24.  In  the  temperature 
range  1150°-  1500°C  the  density  of  KOT 
is  2.630-2.615  ±  0.005  g/cm3  and  that 
of  CLA  is  2.452-2.439  ±  0.005  g/cm3. 
In  the  temperature  range  1200°-1450°C 
the  wave  velocities  of  KOT  and  CLA, 
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Fig.  24.  Compressional  wave  velocity  (A)  and 
density  (B)  vs.  temperature  for  Kilauea  1921  oli- 
vine tholeiite  (KOT)  and  Crater  Lake  calcalkalic 
andesite  (CLA). 


respectively,  are  2.60  ±  0.05  km/sec  and 
2.72  ±  0.05  km/sec. 

The  adiabatic  bulk  modulus,  Ba,  can 
be  calculated  from  the  relation 


Ba  =  p  [Vc2  -  (4/3)Vs2], 


(1) 


where  p,  Vc,  and  Vs  are  the  density,  and 
the  compressional  and  shear  wave  ve- 
locities, respectively.  The  difference  be- 
tween the  isothermal  bulk  modulus,  Bn 
and  Ba  for  molten  rocks  is  negligible, 
and  Vs  is  small  compared  with  Vc  for 
molten  rocks  (Murase  and  McBirney, 
1973).  The  isothermal  bulk  modulus, 
therefore,  can  be  calculated  from  the 
simplified  relation 


Bt  =  PVC2. 


(2) 


Equation  2  and  the  data  shown  in  Fig. 
24  result  in  a  calculated  BL  at  1  atm  of 
178  ±  7  kbar  for  KOT  and  181  ±  7 
kbar  for  CLA  in  the  temperature  range 
1200°-1400°C. 
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The  density  change  with  pressure  can 
be  obtained  by  substituting  the  modu- 
lus and  the  density  into  the  Mur- 
naghan-Birch  equation.  The  equation 
for  the  isotherms  is 


P  =  (3/2)  Bi0  [(p/p0)' 


(p/p0)5/3l 


(3) 


where  p0  and  B,0,  respectively,  are  the 
density  and  the  isothermal  bulk  mod- 
ulus at  temperature  T  and  pressure  P 
=  0  (Birch,  1969). 

Figure  25  shows  the  results  along  with 
the  experimental  data  of  Fujii  and  Ku- 
shiro  (Year Book  76,  419-424)  for  KOT. 


3.0 
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Pressure,  kbar 

Fig.  25.  Calculated  change  in  density  of  melts 
of  KOT  and  CLA,  based  on  the  Murnaghan-Birch 
equation.  Solid  circles,  experimental  data  of  Fujii 
and  Kushiro  (Year  Book  76,  419-424).  (A)  Vc  = 
2.70  km/sec,  p0  =  2.62  g/cm3.  (B)  Vc  =  2.50  km/ 
sec,  p0  =  2.62  g/cm3. 


The  values  of  Vc  and  p0  used  for  the 
present  calculation  are  as  follows:  Vc  = 
2.50  and  2.70  km/sec,  and  p0  -  2.62  g/ 
cm3  (Bl0  =  164  and  191  kbar)  for  KOT; 
Vc  =  2.72  km/sec  and  p0  =  2.44  g/cm3 
(Bto  =  181  kbar)  for  CLA.  Line  (C)  for 
KOT  in  Fig.  25  is  calculated  on  the  ba- 
sis of  the  density  at  15  and  20  kbar.  The 
apparent  density  and  compressional 
wave  velocity  at  1  atm  are  2.74  g/cm3 
and  3.28  km/sec,  respectively.  The 
agreement  in  the  pressure  range  1  atm- 
15  kbar  shown  in  Fig.  25  for  KOT  in- 
dicates that  the  Murnaghan-Birch 
equation  may  be  used  with  confidence 
for  the  purpose  of  obtaining  density  val- 
ues at  pressures  lower  than  15  kbar  for 
molten  rock. 

The  isothermal  bulk  modulus  and 
compressional  wave  velocity  at  high 
pressures  can  be  calculated  from  the 
following  relations: 


Bt  «  Bs  =  p  (dP/dp) 
(p/p0)7/3  " 


=  (3/2)Bl0  [(7/3) 
(5/3)(p/Po)5/3l,    (4) 


and 


Vc  =  VBjp. 


(5) 


The  calculated  results  for  KOT  are 
shown  in  Fig.  26.  A  sharp  increase  in 
both  the  bulk  modulus  and  the  wave 
velocity  near  15  kbar  follows  from  the 
density  changes  in  the  melt  above  15 
kbar.  The  variation  in  density  of  olivine 
obtained  by  Birch  (1969)  is  also  shown 
for  comparison.  The  density  of  liquid 
comes  close  to  that  of  the  olivine  near 
300  km  depth  or  100  kbar  if  no  discon- 
tinuous increase  in  the  density  occurs 
to  that  depth.  An  increase  in  pressure 
corresponding  to  that  of  LVZ  (60-200 
km)  results  in  an  increase  in  the  den- 
sity of  basaltic  liquid  of  10-20%,  but 
the  density  is  still  smaller  than  that  of 
olivine  by  about  3-7%  in  the  same  pres- 
sure range.  The  compressional  wave  ve- 
locity increases  with  pressure  but  is  only 
half  the  velocity  of  olivine  at  the  depth 
of  LVZ  (7.5-8.0  km/sec  at  1200°C,  Birch, 
1969).  The  large  contrast  between  the 
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Fig.  26.  Calculated  change  in  density  (A),  bulk 
modulus  (B),  and  compressional  wave  velocity  (C) 
of  melt  of  KOT.  The  calculated  change  in  density 
of  olivine  given  by  Birch  (1969)  is  shown  for  com- 
parison. 


wave  velocity  of  olivine  and  basaltic 
liquid,  therefore,  may  lead  to  the  de- 
tection of  an  abnormal  region  of  seismic 
wave  velocity. 
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Density  of  Tholeiite  and  Alkali 
Basalt  Magmas  at  High  Pressures 

I.  Kushiro 

The  density  of  magma  at  high  pres- 
sure is  an  important  factor  in  the  un- 
derstanding of  magmatic  processes  at 
depth,  such  as  segregation  of  magma 
from  the  source  and  its  ascent  and  crys- 
tal fractionation  (Kushiro,  1980;  Stol- 
per  et  al.,  1981).  In  previous  studies  the 
densities  of  melts  of  Kilauea  1921  oli- 
vine tholeiite  and  an  abyssal  tholeiite 
were  determined  at  pressures  between 
5  and  15  kbar  (Fujii  and  Kushiro,  Year 
Book  76,  419-424;  Fujii  etal.,  1978)  with 
the  falling-sphere  method  of  Kushiro  et 
al.  (1976).  The  results  were  useful  for 
the  above  problems,  but  the  measure- 
ments were  made  for  melts  of  limited 
compositions,  and  the  effect  of  compo- 
sition on  the  density  change  of  melt  at 
high  pressures  is  unknown.  In  the  pres- 
ent study,  the  densities  of  melts  of  five 
different  basaltic  compositions  (three 
tholeiites  and  two  alkali  basalts)  have 
been  determined  at  pressures  between 
7  and  15  kbar.  It  was  found  that  the 
alkali  basalt  melts  are  less  dense  than 
the  tholeiite  melts  in  the  pressure  range 
studied. 

The  samples  used  for  the  measure- 
ments were  ( 1)  olivine-bearing  tholeiite 
from  Izu  (Kuno,  1954,  p.  262,  No.  12), 
(2)  olivine  tholeiite  (above  tholeiite  + 
12  wt  %  olivine  of  Fo91),  (3)  Columbia 
River  basalt  from  Clearwater  County 
provided  by  Dr.  T.  L.  Wright,  (4)  alkali 
olivine  basalt  from  Oki-Dogo,  west  Ja- 
pan (Uchimizu,  1966,  p.  144,  No.  6),  and 
(5)  K-rich  alkali  olivine  basalt  from  the 
San-in  district,  west  Japan  (Koyaguchi, 
1982,  p.  132,  No.  40).  The  basalts  from 
Japan  are  those  least  fractionated  (high 
in  Mg/Fe)  in  the  respective  regions.  The 
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second  sample,  which  contains  12.7% 
MgO  and  has  the  appropriate  Mg/Fe  to 
yield  under  equilibrium  conditions  an 
olivine  of  Fo88,  was  prepared  to  repre- 
sent "primary  olivine  tholeiite"  in  the 
Izu  region.  The  starting  materials  were 
glasses  made  by  melting  these  samples 
at  1  atm  and  1300°-1350°C  for  15-60 
min  with  aP02  of  about  10  8  atm.  One 
glass  (sample  2)  was  made  in  air.  The 
alkali  basalt  glasses  made  in  this  man- 
ner still  contain  0.1-0.3  wt  %  volatiles 
(loss  on  ignition  at  1100°C),  whereas 
the  tholeiitic  basalt  glass  examined 
contains  less  than  0.1  wt  °Ic  volatiles. 
The  Fe203/(FeO  +  Fe203)  values  of  the 
glasses  determined  by  conventional  wet- 
chemical  analysis  range  from  0.33  to 
0.76. 

The  glasses  were  sealed  in  Pt95Au5 
capsules  of  4  mm  i.d.  and  about  12  mm 
long.  Loss  of  iron  to  the  capsule  is  neg- 
ligible during  the  runs  of  very  short  du- 


ration. Spheres  of  olivine  (3.337  g/cm3 
at  1  atm  and  room  temperature)  and 
BN  (2.29  g/cm3)  were  placed  at  the  top 
and  the  bottom  of  the  capsules,  respec- 
tively. The  measurements  were  made 
in  the  temperature  range  1350°-1425°C 
(about  100°C  above  the  liquidus  tem- 
peratures) and  in  the  pressure  range  7- 
15  kbar.  The  run  duration  was  2-5  min, 
depending  on  the  temperature  of  the 
measurements.  In  the  first  several  runs 
the  velocities  of  sinking  and  floating 
spheres  were  determined  by  measuring 
the  distance  that  the  spheres  moved  in 
two  different  runs  of  different  duration 
under  identical  conditions.  It  was  found 
that  the  time-distance  lines  pass  very 
near  the  origin  for  these  runs,  similar 
to  the  runs  with  the  jadeite  glass  (Ku- 
shiro,  1976).  The  rest  of  the  measure- 
ments were  made,  therefore,  on  a  single 
run  for  each  condition.  From  the  veloc- 
ities of  olivine  and  BN  spheres,  the  den- 


Fig.  27.  Photomicrographs  of  the  charges  of  olivine  tholeiite  melt  held  at  7  kbar  and  1350°C  for 
2.5  min  (left)  and  alkali  olivine  basalt  melt  held  at  10  kbar  and  1400°C  for  2.5  min  (right).  Dark  and 
light  spheres  are  BN  and  olivine,  respectively.  The  length  of  the  capsule  is  about  12  mm. 
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sity  and  the  viscosity  of  melts  can  be 
determined  simultaneously  from  two 
Stokes  equations  with  two  unknowns, 
where  it  is  assumed  that  the  melts  be- 
have as  Newtonian  fluids.  The  com- 
pressibility and  the  thermal  expansion 
of  olivine  and  BN  used  in  the  calcula- 
tions are  the  same  as  those  of  the  pre- 
vious studies  (Fujii  and  Kushiro,  Year 
Book  76,  419-424).  Figure  27  shows  two 
charges  with  floating  BN  and  sinking 
olivine  spheres. 

The  Fe203/FeO  significantly  affects 
the  density  of  basaltic  melts.  The  charges 
(quenched  melts)  were  analyzed  after 
the  runs,  therefore,  for  Fe203  and  FeO 
by  conventional  wet-chemical  analysis. 
The  Fe203/(FeO  +  Fe203)  values  ob- 
tained are  given  in  Fig.  28.  These  val- 
ues are  probably  close  to  those  of  the 
melts  during  the  runs,  because  they 


would  not  change  significantly  during 
the  10-sec  quenching  period. 

The  results  of  the  experiments  (Fig. 
28)  show  that  the  densities  of  the  melts 
of  three  tholeiitic  basalts  are  greater 
than  those  of  alkali  olivine  basalts  by 
0.06-0.08  g/cm3  in  the  pressure  range 
7-12  kbar.  The  starting  glasses  of  the 
alkali  basalts  contain  0.1—0.3  wt  %  vol- 
atiles.  If  the  volatile  is  retained  and  is 
entirely  H20,  the  anhydrous  melts  of 
these  alkali  basalt  compositions  will  be 
0.005-0.015  g/cm3  denser  than  those  at 
10  kbar,  as  discussed  below.  These 
densities  are,  however,  still  lower  than 
those  of  the  tholeiitic  basalt  melts.  The 
Fe203/(FeO  +  Fe203)  values  of  the 
charges  are  variable.  When  these  val- 
ues are  normalized  to  the  same  value 
(e.g.,  0.1)  with  the  partial  molar  vol- 
umes of  FeO  and  Fe203  given  by  Bot- 
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Fig.  28.  Densities  of  basaltic  melts  as  a  function  of  pressure.  The  temperatures  of  the  measurements 
are  1350°-1400°C  at  7  and  10  kbar  and  1400°-1425°C  at  12.5  and  15  kbar.  OT,  olivine  tholeiite;  CB, 
Columbia  River  basalt;  T,  tholeiite;  AB,  alkali  olivine  basalt;  KAB,  K-rich  alkali  olivine  basalt. 
Numbers  are  Fe203/(FeO  +  Fe203)  values  of  the  quenched  melts  (glasses)  in  the  charges  obtained 
by  conventional  wet-chemical  analysis. 
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tinga  and  Weill  (1970),  the  density 
difference  between  the  tholeiitic  basalt 
melts  (especially  olivine  tholeiite  melt) 
and  the  alkali  basaltic  melts  becomes 
even  greater  (up  to  0.12  g/cm3). 

The  1-atm  densities  were  calculated 
with  the  partial  molar  volumes  of  ox- 
ides (Bottinga  and  Weill,  1970)  and  the 
Fe203/FeO  of  the  charges.  The  differ- 
ence in  density  between  the  tholeiitic 
basalt  melts  and  the  alkali  basalt  melts 
is  much  smaller  at  1  atm  than  at  higher 
pressures.  Apparently  the  compressi- 
bility of  the  alkali  basalt  melts  is  smaller 
than  that  of  the  tholeiitic  basalt  melts 
studied.  The  reason  for  the  difference 
in  the  compressibility  is  not  known  at 
present. 

The  alkali  basalt  melts  are  less  dense 
than  the  tholeiitic  basalt  melts  mainly 
owing  to  the  presence  of  larger  amounts 
of  alkalies  (especially  K20)  that  have 
relatively  large  partial  molar  volumes 
in  silicate  melts. 

Alkali  basalts  in  the  Japanese  is- 
lands commonly  contain  kaersutitic 
amphibole,  indicating  that  the  alkali 
basalt  magmas  contained  H20.  If  the 
amounts  of  H20  were  greater  than  0.3 
wt  %,  the  densities  of  the  alkali  basalt 
magmas  should  be  lower  than  those 
shown  in  the  present  experiments.  On 
the  basis  of  the  work  by  Burnham  and 
Davis  (1969),  the  addition  of  1  wt  % 
H20  reduces  the  density  of  albite  melt 
by  about  0.05  g/cm3  at  pressures  be- 
tween 5  and  7  kbar.  In  the  present  ex- 
periments the  density  of  tholeiite  melt 
with  1.08  wt  %  H20  was  measured  at 
10  kbar  and  1350°C.  The  density  is 
smaller  than  that  of  the  anhydrous 
tholeiite  melt  by  about  0.03  g/cm3  after 
correction  for  oxidation  of  iron  in  the 
hydrous  melt.  On  the  basis  of  these  data, 
the  presence  of  0.3  wt  %  H20  would 
probably  reduce  the  density  of  basalt 
melts  by  about  0.01  g/cm3  (0.015  at 
maximum)  at  10  kbar  and  1400°C. 
Measurements  of  the  density  of  hy- 
drous alkali  basalt  melts  were  not  suc- 
cessful    because     many     bubbles 


surrounded  the  BN  spheres  and  their 
velocity  was  unreliable. 

The  results  of  the  present  experi- 
ments may  be  useful  in  resolving  some 
problems  with  respect  to  the  ascent  of 
different  basalt  magmas.  Many  alkali 
basalts  contain  peridotite  inclusions  and 
have  relatively  high  Mg/(Mg  +  Fe) 
compared  with  tholeiites,  indicating  that 
alkali  basalt  magmas  ascended  rapidly 
from  the  upper  mantle  to  the  surface 
without  significant  fractionation.  It  is 
likely  that  this  behavior  may  be  partly 
due  to  their  relatively  low  densities 
compared  with  the  primary  tholeiitic 
basalt  magmas.  The  alkali  basalt  mag- 
mas are  less  dense  than  most  granites 
(2.66  g/cm3  on  the  average  at  1  atm). 
Tholeiitic  basalt  magmas  that  are  sim- 
ilar in  composition  (except  for  Fe203/ 
FeO)  to  the  samples  (especially  olivine 
tholeiite)  used  in  the  present  experi- 
ments are  denser  than  many  granitic 
rocks  at  pressures  greater  than  2-3  kbar 
because  of  the  smaller  compressibility 
of  granites  than  of  basaltic  magmas.  In- 
sofar as  buoyancy  is  the  principal  as- 
cending force,  alkali  basalt  magmas 
could  ascend  through  the  "granitic  layer" 
in  the  upper  crust,  whereas  tholeiitic 
basalt  magmas  (especially  olivine  thol- 
eiitic magmas)  would  ascend  through 
the  granitic  layer  with  difficulty.  They 
would  fractionate  to  produce  less-dense 
magmas,  relatively  enriched  in  alka- 
lies and  volatiles,  which  could  then  as- 
cend to  the  surface  by  buoyancy.  In  the 
Japanese  islands  and  other  orogenic 
belts,  such  fractionated  tholeiite  lavas 
are  very  common,  but  olivine  tholeiite 
lavas  are  extremely  rare. 
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Alkali  Correlation  in  Some 
Alkali  Basalts 

H.  S.  Yoder,  Jr.,  and  F.  Chayes 

The  generation  of  alkali  basalt  magma 
is  particularly  perplexing  because  of  the 
apparent  necessity  of  deriving  a  liquid 
rich  in  alkalies  from  an  alkali-poor 
source,  presumably  garnet  peridotite. 
The  alkali  content  of  an  alkali  basalt 
liquid  is  a  factor  of  ten  greater  than 
that  of  garnet  peridotite.  Even  if  the 
partitioning  between  crystals  and  liq- 
uid were  appropriate  and  the  degree  of 
melting  were  limited  (i.e.,  <  10%),  there 
is  the  problem  of  obtaining  a  sufficient 
volume  of  liquid  to  yield,  for  example, 
the  floods  of  lava  that  form  the  base  of 
the  Hebridean  province,  Canary  Is- 
lands, and  Syria. 

Almost  every  conceivable  mecha- 
nism of  magma  formation  has  been  ad- 
vanced by  various  investigators  to 
account  for  the  alkali-rich  basalts  (Ta- 
ble 11).  Some  of  these  mechanisms  were 
shortly  abandoned  by  the  authors 
themselves,  but  many  are  still  consid- 


TABLE  11.  Mechanisms  Proposed  by  Various 
Authors  for  Production  of  Alkali-Rich  Magma 

Source  Requirement 
Alkali-rich  source 
Metasomatized  parent 

Source  Modification 

Metasomatic  enrichment 

Biotite  or  amphibole  decomposition 

Volatile  transfer 

High  H20  pressure 

High  C02  pressure 

Magma  Modification 
Assimilation 

Biotite  or  amphibole  resorption 
Desilication 
Phase  separation 

Orthopyroxene  extraction 

Hematite  extraction 

Immiscible  liquid  separation 

Physicochemical  Processes 
Invariant-point  melting 
Incongruent  melting 
Zone  refining 
Fractionation 

Fractional  melting 

Liquid  fractionation  (diffusion) 

Of  eclogite 

At  high  pressure 

Mechanical  Processes 
Filter  pressing 
Tectonic  control 


ered  valid.  In  fact,  the  first-listed  con- 
cept, derivation  of  alkali  basalt  magmas 
from  alkali-rich  sources,  has  recently 
been  revived  on  the  basis  of  trace-ele- 
ment data.  Several  of  the  other  mech- 
anisms require  special  circumstances, 
usually  involving  the  addition  of  ma- 
terial to  or  its  subtraction  from  a  pre- 
sumed parent,  to  achieve  the  desired 
composition.  The  relatively  low  abun- 
dance of  the  more-exotic  alkaline  rocks 
is  cited  as  evidence  of  the  "special  cir- 
cumstances," whereas  the  alkali-rich 
floods  are  ignored.  On  the  other  hand, 
experiments  on  simple  systems  suggest 
that  either  large  or  small  volumes  of 
alkali  basalt  magmas  may  be  the  nat- 
ural consequence  of  the  fractional  melt- 
ing of  garnet  peridotite  over  a  wide  range 
of  depth  (Yoder,  1978). 
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Some  properties  of  alkali  basalts  re- 
quire a  solution  applicable  on  a  world- 
wide basis — not  dependent  on  special 
circumstances.  First,  one  recognizes  the 
continuum  in  alkali  content  of  alkali 
basalts  and  tholeiites.  Nevertheless, 
Macdonald  and  Katsura  (1964;  see  also 
Macdonald,  1968)  defined  a  line  of  sep- 
aration in  Hawaii  on  the  basis  of  min- 
eral characteristics*  (Fig.  29).  Even 
though  the  line  may  vary  in  position 
from  petrographical  province  to  prov- 
ince, for  a  given  silica  content  the  alkali 
basalts  tend  to  be  richer  in  alkalies.  It 
is  evident,  however,  that  there  are  rep- 
resentatives of  each  basalt  type  with 
the  same  alkali  content.  Furthermore, 
there  is  some  suggestion  that  with  in- 
creasing Si02,  compositions  plotting  in 
the  immediate  vicinity  of  the  Macdon- 
ald-Katsura  boundary  in  Hawaii  are  less 
abundant  than  those  more  distant  from 
it,  each  basalt  type  diverging  from  the 
dividing  line  from  a  central  composi- 
tion near  40.5  wt  %  Si02  and  0.5  wt  % 


*The  "positive  microscopic  criteria"  given  by 
Macdonald  and  Katsura  (p.  92)  are  "the  presence 
of  titanian  augite,  of  true  groundmass  olivine, 
and  of  interstitial  alkali  feldspar.  .  .  ." 


total  alkalies.  This  dividing  line  con- 
tains compositions  coincident  with  the 
plane  of  critical  undersaturation  as  de- 
fined by  Yoder  and  Tilley  (1962).  Mac- 
donald and  Katsura  (1964,  p.  86) 
concurred  that  the  nepheline-norma- 
tive  character  is  diagnostic  of  the  alkali 
basalts,  with  some  allowances  for  oxi- 
dation and  certain  pyroxene  anoma- 
lies, t  The  liquids  from  which  nephe- 
line-normative  rocks  crystallize,  there- 
fore, must  lie  on  the  nepheline  (Ne)  side 
of  the  dividing  plane,  whereas  the  pa- 
rental material,  presumably  similar  in 
mode  to  nodules  contained  in  but  not 
related  to  the  host  alkali  basalts,  lies 
on  the  hypersthene  (Hy)  side  of  the  di- 
viding plane. 

It  would  appear  from  a  study  of  the 
simple  systems  nepheline-forsterite- 
silica  (Kushiro,  1968,  p.  625,  Fig.  4)  and 
kalsilite-forsterite-silica  (Kushiro,  Year 
Book  79,  268,  Fig.  9;  Wendlandt  and 
Eggler,  1980)  that  shifts  in  normative 

tin  this  regard,  the  mineralogical  distinction 
appears  to  conform  with  the  normative  distinc- 
tion of  the  two  basalt  types.  A  discriminant-func- 
tion analysis  of  the  chemical  constituents  (Chayes, 
1964)  shows  that  Ti02  is  equally  useful  as  a  di- 
agnostic discriminant. 


Si02,  wt    % 

Fig.  29.  Alkali  vs.  silica  diagram  of  Hawaiian  basaltic  rocks  compiled  by  Macdonald  and  Katsura 
(1964).  The  line  A-B  is  the  dividing  line  between  the  alkalic  basalts  (above  A-B)  and  the  tholeiites 
(below  A -5). 
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character  of  the  first-formed  liquid  are 
due  principally  to  the  effects  of  high 
pressure.  In  each  system  the  increase 
of  pressure  results  in  the  movement  of 
the  olivine-orthopyroxene  boundary 
curve  toward  the  feldspathoid  compo- 
nent. The  important  role  of  orthopyrox- 
ene  in  these  systems  is  consistent  with 
the  presence  of  orthopyroxene  in  nod- 
ules found  in  alkali  basalts  even  though 
radiogenic  isotopic  ratios  clearly  indi- 
cate that  the  nodules  and  magma  do  not 
appear  to  be  directly  related.  One  can 
expect,  therefore,  that  the  alkali  con- 
tent of  the  first-formed  liquids  in- 
creases with  increasing  depth. 

A  more  perplexing  problem  is  the 
strong  linear  control  of  the  ternary  ra- 
tio of  Na  to  (Na  +  K  +  Ca)  (Fig.  30). 
This  feature  is  common  to  other  oceanic- 
island  rock  series  as  well  as  to  some 
continental  calcalkaline  sequences.  In 
fact,  it  is  such  linear  relations  that  have 
led  many  investigators  to  conclude  that 
some  rock  series  are  derived  by  the  mix- 
ing of  two  extreme  magmas.  In  both 
alkaline  basalts  and  tholeiites  from  the 
Hawaiian  Islands,  there  appears  to  be 
a  substantial  positive  correlation  be- 
tween the  alkalies  (Figs.  31 A  and  B). 


Fig.  30.  The  trend  of  the  Na20,  K20,  and  CaO 
content  of  rocks  from  Nandewar,  New  South  Wales 
(after  Abbott,  1969,  p.  130);  St.  Helena  Island, 
South  Atlantic  (Baker,  1969);  and  Tahiti  (Mc- 
Birney  and  Aoki,  1968,  p.  545). 


The  correlated  variance  for  alkali  ba- 
salts is  about  80%  and  that  for  thol- 
eiites is  close  to  65%.  The  slopes  of  re- 
duced major  axes  for  the  two  rock  types 
are  indistinguishable.  The  question  is: 
How  can  the  slope  of  Na20  vs.  K20  re- 
main relatively  constant  through  the 
generation  process? 

One  possible  explanation  is  that  the 
Na20  is  buffered  by  an  initial  clino- 
pyroxene  containing  the  jadeite  com- 
ponent, but  it  is  not  clear  which  phase 
buffers  the  K20  content.  Sanidine  is 
stable  at  high  pressures  but  is  excep- 
tionally rare,  and  is  presumed  to  be  sec- 
ondary, in  nodules  brought  up  by 
kimberlite  magmas  (Nixon,  1960).  Most 
investigators  rely  on  the  presence  of 
phlogopite;  however,  the  small  propor- 
tions presumed  to  exist  probably  would 
be  consumed  in  the  first  melts.  A  dia- 
gram, deduced  in  part  from  Luth  (1967) 
and  Modreski  and  Boettcher  (1973),  is 
given  in  Fig.  32.  Assemblages  of  Fo  + 
En  +  Phlog,  representative  of  part  of 
the  parental  material,  begin  to  melt  at 
point  P.  Diagrams  of  similar  topology 
are  probably  valid  for  potassic  amphi- 
bole.  Thus,  the  presence  of  H20,  re- 
quired for  the  formation  of  phlogopite 
or  amphibole,  results  in  partial  melts 
that  are  Qz  normative  below  20  kbar 
(Modreski  and  Boettcher,  1973).  It  does 
not  generate  a  course  of  fractionation 
leading  to  alkali  enrichment  unless  the 
depth  exceeds  70  km. 

Because  C02  tends  to  result  in  the 
generation  of  the  more  silica-undersat- 
urated  melts  (see  Kushiro,  1968,  p.  625, 
Fig.  4;  Eggler,  1978),  one  may  look  to 
potassium-bearing  carbonates  for  a 
possible  buffer.  Unfortunately,  C02 
tends  to  destroy  the  olivine  +  clino- 
pyroxene  assemblage  in  the  mantle.  For 
example,  the  reaction  forsterite  +  diop- 
side  +  C02  ^  enstatite  +  dolomite 
takes  place,  according  to  Wyllie  and 
Huang  (1975)  and  Eggler  {Year  Book 
74,  468-474).  But  the  absence  of  dolo- 
mite in  the  nodules  is  noteworthy:  Even 
the  two  known  inclusions  of  dolomite 
in  diamond  are  believed  to  be  secondary 
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Fig.  31.  (A)  Plot  of  K20  vs.  Na20  for  Ne-normative  basalts  from  the  Hawaiian  Islands.  Data  from 
Data  Base  RKOC76  maintained  at  the  Geophysical  Laboratory.  Line  is  reduced  major-axis  regression; 
numbers  indicate  sample  frequency  in  class  interval  illustrated.  (B)  Plot  of  K20  vs.  Na20  for  Hy- 
normative  basalts  from  the  Hawaiian  Islands.  Data  from  Data  Base  RKOC76  maintained  at  the 
Geophysical  Laboratory.  Line  is  reduced  major-axis  regression;  numbers  indicate  sample  frequency 
in  class  interval  illustrated. 
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P„,0  =  3Kb 


Mg2Si04 


Fig.  32.  The  KAlSi04-Mg2Si04-Si02  system  for 
PH2o  =  3  kbar  modified  from  Luth  (1967,  p.  397, 
Fig.  6f).  Dashed  line  is  a  construction  line  to  il- 
lustrate position  of  maximum  temperature  on  the 
phlogopite  (Phlog)-forsterite  (Fo)  boundary  curve. 
En,  enstatite;  Ks,  kalsilite;  Lc,  leucite;  Qz,  quartz; 
and  Sa,  sanidine.  P  is  the  beginning-of-melting 
point  for  the  assemblage  Fo  +  En  +  Phlog. 


(F.  R.  Boyd,  personal  communication, 
1982).  The  presence  of  a  gas  phase  must 
also  influence  the  partitioning  of  Na  and 
K.  Mysen  (Year Book  80,  347-349;  per- 
sonal communication,  1982)  suggested, 
on  the  basis  of  partitioning  experi- 
ments with  light  rare  earths,  that  the 
gas  phase  in  the  metasomatic  process 
is  greatly  enriched  in  K  relative  to  Na 
with  increasing  pressure.  For  this  rea- 
son metasomatism  would  not  necessar- 
ily result  in  alkali  basalt,  but  might 
lead  to  the  more  exotic  varieties  of  po- 
tassium-rich rocks.  Wendlandt  and  Eg- 
gler  (1980)  found  that  the  Lc-normative 
rocks  do  not  show  any  correlation  be- 
tween K20  and  Na20,  as  might  be  ex- 
pected if  they  result  from  a  metasomatic 
process  dependent  on  such  highly  var- 
iable parameters  as  permeability  and 
porosity. 

Although  nepheline  and  kalsilite  have 
not  yet  been  found  in  nodules  from  al- 
kali basalts,  they  are  stable  to  very  high 
pressures.  It  is  noted  that  the  Buerger 
composition  for  nepheline  solid  solution 
common  in  plutonic  rocks  is  one  K  for 


every  three  Na.  This  particular  ratio  is 
also  close  to  the  minimum  melting  com- 
position at  1  atm  on  the  join  Ne-Ks  at 
73  wt  %  Ne.  Thus,  to  a  large  extent,  the 
ratio  of  Na20  to  K20  found  in  the  alkali 
basalts  would  merely  seem  to  reflect  the 
minimum  melting  relations  of  the  sim- 
ple systems.  It  is  noteworthy  that  the 
four  minima  at  1  atm  in  the  nepheline- 
kalsilite-quartz  system  (Schairer,  1957), 
representing  the  salic  fractions,  respec- 
tively, of  the  rhyolites,  trachytes,  and 
nepheline  syenites,  are  roughly  colin- 
ear. 

A  similar  relationship  between  the 
alkalies  might  result  if  Na  and  K  are 
essentially  incompatible  elements  dur- 
ing the  melting  of  garnet  peridotite.  On 
the  assumption  that  neither  Na  nor  K 
is  an  essential  constituent  in  any  phase 
in  garnet  peridotite  and  that  both  par- 
tition almost  completely  into  the  liquid, 
the  correlation  of  these  elements  is  pri- 
marily fixed  by  their  ratio  in  the  pa- 
rental material  (cf.  Frey  et  al.,  1980). 
From  this  viewpoint,  the  linearity  of 
slope  of  Na20  vs.  K20  is,  therefore,  the 
result  primarily  of  varying  degrees  of 
partial  melting:  the  lower  the  concen- 
tration, the  higher  the  degree  of  dilu- 
tion. Because  the  slope  of  Na20  vs.  K20 
does  not  pass  through  the  origin,  it  is 
evident  that  Na  is  less  incompatible  than 
K,  and  the  crystal-liquid  partition  coef- 
ficient is  somewhat  greater  than  zero. 
On  the  other  hand,  Chayes  (this  Report) 
has  pointed  out  that  strong  positive  cor- 
relations are  to  be  expected  among  "trace 
elements"  in  partial  melting  because  of 
the  new  arithmetic  closure  on  the  melt 
fraction.  The  new  closure  may  convey 
little  or  no  information  on  the  relation- 
ship between  these  variables  in  the  par- 
ent. 

In  summary,  although  it  is  not  pos- 
sible at  this  time  to  arrive  at  an  un- 
ambiguous solution  to  the  alkali-ratio 
problem,  it  seems  likely  that  the  higher 
alkali  content  of  the  alkaline  basalts  is 
largely  a  consequence  of  the  shift  of 
physicochemical  relations  with  pres- 
sure, and  that  it  is  not  necessary  to  in- 
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voke  the  addition  or  subtraction  of 
materials.  The  continuous  nature  of  the 
change  in  invariant  points  with  pres- 
sure readily  accounts  for  the  continuum 
in  alkali  content  between  alkali  basalt 
and  tholeiite  compositions.  The  alkali 
basalts  appear  to  have  been  increasing 
in  volume  within  the  last  quarter  of  a 
billion  years  of  the  earth's  geologic  his- 
tory (Poldervaart,  1962).  If  pressure  does 
indeed  favor  the  production  of  alkali- 
rich  initial  melt  fractions,  it  would  ap- 
pear that  some  sources  of  basalt  magma 
are  becoming  deeper. 
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The  Rock  Information  System 
RKNFSYS* 

Felix  Chayes 

RKNFSYS,  a  data  base  consisting  of 
16,000  chemical  analyses  of  Cenozoic 
volcanic  rocks,  has  been  available  at 
the  Geophysical  Laboratory  by  remote 
access  to  the  University  of  Maryland 
Computation  Center  since  1971  and  has 
been  used  extensively  throughout  that 
period.  One  of  the  consequences  of  the 
recent  massive  upgrading  of  the  Lab- 
oratory's computation  facility  has  been 
severance  of  the  Maryland  link.  This 
note  describes  current  work  aimed  at 
generating  a  version  of  the  system  suit- 
able for  home  use. 

In-House  Operation  of  RKNFSYS: 
Plans  and  Prospects 

RKNFSYS  has  been  functioning 
without  substantial  change  since  1976, 
and  the  break  in  service  has  provided 
a  welcome  opportunity  for  thorough  re- 
view and  rather  extensive  modifica- 
tion, much  of  which  was  in  fact 
unavoidable.  At  the  time  the  system  was 
developed  and  even  as  late  as  the  last 
major  update,  there  was  little  reason  to 
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suppose  that  Laboratory  facilities  able 
to  handle  it  independently  would  soon 
be  available.  Indeed,  there  seemed  lit- 
tle reason  to  question  either  the  con- 
tinuing need  for  or  the  durability  of  the 
Maryland  link.  In  the  programming, 
accordingly,  the  early  resolve  to  avoid 
machine  and  system  dependence  grad- 
ually eroded.  Considerable  advantage 
was  taken  both  of  the  36-bit  word  struc- 
ture of  the  Univac  1100-series  hard- 
ware and  of  certain  powerful  but 
nonstandard  bit-manipulation  features 
of  Univac  Fortran.  To  make  the  system 
portable,  all  instances  of  such  hard- 
ware- and  monitor-dependent  coding 
now  had  to  be  eliminated.  In  addition, 
it  was  necessary  to  replace  one  of  the 
major  system  subroutines  by  in-line 
coding. 

Even  before  RKNFSYS  was  con- 
structed, experience  with  the  file  that 
later  became  its  data  base  clearly  in- 
dicated the  desirability  of  what  was  then 
termed  random-access  and  is  now  called 
direct-access  reading  and  writing  of  files. 
At  that  time  only  sequential  reading 
and  writing  were  available  in  high-level 
computing  languages,  but  Finger  (Year 
Book  70,  201)  kindly  prepared  a  ma- 
chine-language subroutine  that  pro- 
vides direct-access  file  capability  to  any 
calling  program  operating  under  the 
Univac  EXEC-8  monitor.  The  subrou- 
tine has  performed  admirably  since 
1972,  but  must  of  course  be  replaced  if 
the  system  is  to  function  on  other  hard- 
ware or  under  other  monitors.  Direct- 
access  scanning  is  now  routinely  avail- 
able in  all  high-level  programming  lan- 
guages, so  there  is  no  longer  need  for  a 
machine-language  program — or  any 
user-written  subroutine — to  do  this 
work.  Accordingly,  in  the  new  version 
of  RKNFSYS  there  is  no  external  read- 
write  subroutine;  all  file  writing  and 
reading  are  initiated  by  direct  Fortran 
command. 

The  programming  effort  required  to 
modify  the  system  for  in-house  opera- 
tion has  proved  rather  more  substantial 
than  had  been  anticipated,  but  the  bulk 


of  it  has  now  been  completed.  As  of  this 
writing  a  new  and  much-improved  base 
generator  (HOMBAS)  is  in  routine  op- 
eration, and  the  base  formerly  resident 
at  Maryland  has  been  regenerated  from 
card-image  input  and  stored  on  disk  in 
the  Geophysical  Laboratory's  com- 
puter. A  program  (FILMKR)  that  scans 
this  base  selectively  and  generates  new 
work  files  or  extends  existing  files  is 
ready  for  routine  use.  Finally,  as  de- 
scribed in  the  next  section  of  this  Re- 
port, subroutines  of  FILMKR  that 
provide  run-time  translation 
(TRNKMB)  and  evaluation  (EVLKMB) 
of  algebraic  expressions  introduced  as 
part  of  the  user's  service  request  have 
been  materially  strengthened. 

Rewriting  of  service  programs  that 
exploit  the  work  file,  i.e.,  the  data-re- 
duction programs  of  the  system,  is  about 
to  start.  Well  before  this  report  is  pub- 
lished, the  system  as  a  whole  should  be 
operating  at  least  as  effectively  as  it  did 
before  severance  of  the  Maryland  link. 

Run-Time  Translation  and 
Evaluation  of  Algebraic  Expressions 

A  routine  translation-evaluation  ca- 
pability is  essential  unless  the  entire 
system  is  to  be  relinked  before  each  ex- 
ecution. Still  rarely  available  in  spe- 
cialized systems  scanning  a  single  base, 
this  facility  is  available  in  some  insti- 
tutional information  systems  (for  ex- 
ample, the  U.S.  Geological  Survey's 
"Grasp";  see  Bowen  and  Botbol,  1975). 
The  larger,  vendor-supplied,  data-base 
management  systems  provide  inter- 
faces that  make  the  bases  managed  by 
them  accessible  to  specially  prepared 
user  programs  written  in  any  of  the  ma- 
jor high-level  languages. 

The  user  of  RKNFSYS  may  of  course 
use  work  files  generated  by  FILMKR 
as  input  to  his  own  programs,  but  there 
is  no  way  in  which  he  can  access  the 
base  directly  from  these  programs.  On 
the  other  hand,  he  has  high-level  lan- 
guage support  for  the  run-time  pro- 
cessing of  algebraic  expressions  without 
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any  loss  of  time  in  programming,  com- 
pilation, and  linkage. 

From  the  outset  the  work-file  builder 
of  RKNFSYS  has  provided  some  run- 
time translation  facility,  but  this  was 
at  first  very  limited.  The  earliest  ver- 
sion recognized  only  addition  and  sub- 
traction, but  in  1973  division, 
multiplication,  and  one  level  of  paren- 
thetic phrasing  were  facilitated.  Abil- 
ity to  take  logs  was  added  in  1976.  In 
all  versions  the  inequality  and  replace- 
ment operators  were  recognized,  so  that 
an  expression  could  be  used  as  a  sorting 
variable  if  that  seemed  desirable,  and 
its  system-assigned  name  could  be  re- 
placed by  a  more  meaningful  acronym. 
Early  versions  of  the  system  permitted 
the  user  to  request  as  many  as  ten 
expressions,  each  containing  up  to  ten 
operands,  per  execution,  but  both  limits 
were  soon  doubled. 

The  translation-evaluation  facility  of 
the  new  version  of  RKNFSYS  is  far  more 
powerful  than  that  of  its  predecessor. 
Instead  of  80  characters  of  a  single  card 
image,  it  will  accept  an  expression  con- 
taining up  to  240  nonblank  characters 
distributed  over  as  many  successive  card 
images  as  the  operator  wishes  to  use. 
Instead  of  the  single-level,  parenthetic 
phrasing  legal  in  its  immediate  pre- 
decessor, nesting  of  parentheses  to  any 
depth  is  available  in  the  new  version, 
subject  only  to  the  restriction  that  no 
expression  may  contain  more  than  seven 
pairs.  Instead  of  the  single  (log)  func- 
tion call  previously  available,  the  new 
version  has  eight  available,  any  five  of 
which  may  be  used  in  a  single  expres- 
sion. Finally,  all  binary  Fortran  oper- 
ators are  accepted,  whereas  even  in  the 
most  recent  predecessor  no  provision  was 
made  for  exponentiation. 

A  special  calling  program,  initially 
written  to  facilitate  testing  of  the  new 
translation  and  evaluation  subrou- 
tines, is  now  in  routine  service  as  a  con- 
versational, immediate-mode  calculator. 
The  subroutines  themselves  are  readily 
adaptable  for  use  in  other  programs. 
They  are  in  fact  quite  short,  the  trans- 


lator requiring  4000  bytes  of  code  and 
local  storage,  the  evaluator  only  1500. 
At  least  half  the  storage  requirement 
of  the  translator  is  concerned  with  de- 
tecting and  processing  replacement  and 
inequality  operators.  These  are  unused 
in  immediate  mode  and  might  also  be 
unused  in  many  other  applications.  Both 
are  essential  for  the  operation  of 
RKNFSYS,  however,  as  are  the  3600 
bytes  of  labeled  common  memory  used 
to  store  operands,  operators,  function 
calls,  and  separators  of  the  twenty 
expressions  available  in  any  execution 
of  the  work-file  builder. 
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The  IGBA  Data  Base  for  Igneous 
Petrology* 

Felix  Chayes,  G.  Groetsch,  S.-Z.  Li, 
and  A.  Possolo 

This  note  reports  work  done  in  con- 
junction with  International  Geological 
Correlation  Program  Project  163  (IGBA), 
commissioned  to  design  and  stimulate 
the  development  of  a  world  data  base 
for  igneous  petrology. 

Collection  of  data  for  the  base  has 
been  proceeding  satisfactorily.  Existing 
groups  of  Project  163,  especially  those 
in  India,  Israel,  Italy,  Turkey,  and  the 
United  States,  have  continued  their  ac- 
tivity; new  groups  have  been  formed  in 
Brazil,  Japan,  and  the  United  King- 
dom, and  active  interest  has  been  ex- 
pressed by  China  and  Denmark.  All  this 
suggests  that,  with  sufficient  persis- 
tence and  modest  but  reasonably  stable 
funding,  petrologists  of  the  world  may 
soon  succeed  in  developing  a  mecha- 
nism for  pooling  and  storing  their  in- 
formation that  will  facilitate  more- 
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efficient  assimilation  and  exploitation 
of  data — data  now  accumulating  in  such 
volume  and  across  such  a  broad  spec- 
trum of  languages  and  publications  as 
to  grossly  overtax  traditional  scholarly 
devices  and  procedures. 

Effective  organization  of  data  collec- 
tion and  pooling  will  be  of  little  avail, 
however,  unless  it  is  accompanied  by 
development  of  publicly  available  means 
of  accessing  and  scanning  the  data  pool 
and  retrieving  selectively  sorted  ex- 
tracts from  it.  Ultimate  exploitation  of 
the  data  base  will  utilize  either  a  major, 
vendor-supplied  management  system 
or  a  custom-designed  ad  hoc  informa- 
tion system.  The  project  does  not  have 
resources  that  permit  extended  evalu- 
ation of  the  first  avenue,  but,  through 
the  good  offices  of  J.  Lander  of  the  Na- 
tional Oceanographic  and  Atmospheric 
Administration's  Environmental  Data 
and  Information  Service,  card-image 
files  of  project  material  have  been  pro- 
cessed by  the  data-base  management 
system  recently  introduced  to  handle 
much  of  the  data-base  activity  of  World 
Data  Center  A.  Initially  undertaken  to 
resolve  a  dispute  about  whether  pro- 
prietary systems  could  effectively  pro- 
cess a  syntax  as  complex  and  specialized 
as  that  developed  within  the  project,  the 
results  of  this  work  have  been  very 
promising;  details  will  be  described 
elsewhere. 

Many  computation  facilities  that 
would  be  suitable  hosts  for  the  base  al- 
ready do  or  may  soon  rely  heavily  on 
proprietary  management  systems,  so  it 
is  likely  that  some  such  system  will  be 
used  for  generating,  maintaining,  and 
updating  the  IGBA  base  at  its  central 
repository.  The  initial  output  of  such  a 
system  may  require  considerable  mod- 
ification before  its  digital  form  is  usable 
in  other  installations  or  its  printed  form 
is  meaningful  to  petrographers.  (In  the 
limiting  case,  for  instance,  the  man- 
agement system  might  simply  disgorge 
selected  parts  of  the  initial  card-image 
input  verbatim.)  Thus  there  may  well 
be  need  for  extensive  translation  of  pri- 


mary output  into  formats  required  by 
users  of  various  categories.  The  amount 
of  this  translation  that  can  be  accom- 
plished within  the  management  system 
itself  will  depend  on  the  sophistication 
of  the  system,  the  ingenuity  of  the  sys- 
tem managers,  and  the  amount  of  their 
time  that  can  be  devoted  to  project  work. 
It  seems  likely,  however,  that  even  un- 
der optimum  circumstances  supplemen- 
tal high-level  language  programming 
will  be  required,  and  this  will  have  to 
be  paid  for  or  provided  by  the  project  or 
its  successor  group. 

Once  the  base  is  established,  many 
individual  petrologists  will  be  serviced 
from  current  versions  of  it  maintained 
at  national  or  regional  centers;  these 
may  not  use  vendor-supplied  manage- 
ment systems  or,  if  they  do,  may  not 
use  the  one  favored  by  the  central  host. 
Further,  individual  petrologists  or  ac- 
ademic departments  whose  computa- 
tion facilities  provide  little  or  no  support 
for  data-base  management  may  never- 
theless wish  to  maintain  and  use  copies 
of  the  base.  To  prepare  for  contingen- 
cies of  this  sort  and  provide  software 
that  may  also  be  a  useful  guide  in  plan- 
ning high-level  language  modules  for 
use  in  larger  installations,  a  prototype 
Fortran-IV  information  system  is  being 
developed  by  the  project.  This  system 
is  to  include  a  processor  that  will  gen- 
erate or  update  a  base  from  card-image 
input  and  a  query  language  that  will 
facilitate  either  reduction  of  selective 
extracts  from  the  base  or  their  retrieval 
in  format  specified  by  the  user. 

The  smallest  unit  of  the  base  that  can 
be  separately  accessed  and  read  into 
memory  under  control  of  the  informa- 
tion system — the  "logical  record"  of  the 
base — is  to  be  an  individual  specimen 
description.  The  first  need,  therefore,  is 
some  label  or  "principal  key"  that  will 
provide  convenient,  unambiguous  in- 
ternal identification  of  each  such  re- 
cord. In  the  system  being  constructed 
here,  the  leading  part  of  this  keyword 
is  to  be  a  number  designating  the  1° 
latitude-longitude   rectangle   that   in- 
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eludes  the  specimen  locality;  its  trail- 
ing part  will  be  the  sequence  number 
of  the  specimen  in  the  rectangle,  se- 
quence being  simply  the  order  in  which 
the  specimen  descriptions  in  question 
occur  in  the  card-image  files  from  which 
the  base  is  generated.  If  the  system  is 
to  provide  direct  access  to  any  logical 
record  of  the  base,  each  label  or  prin- 
cipal key  must  be  paired  with  another 
number,  the  address  of  the  physical  re- 
cord in  which  the  beginning  of  the  log- 
ical record  is  stored. 

In  the  absence  of  some  device  for  com- 
puting the  address  from  the  key,  a  di- 
rectory table  of  paired  keys  and 
addresses  must  be  maintained  in  mem- 
ory during  execution  and  scanned  each 
time  a  logical  record  is  to  be  accessed. 
If  it  were  possible  to  compute  the  ad- 
dress from  the  key,  however,  all  this 
space  and  most  of  the  time  spent  in 
scanning  it  could  be  saved.  The  proce- 
dure called  "hashing"  (see,  for  example, 
Knuth,  1973,  especially  pp.  506-549)  is 
designed  to  generate  addresses  by  com- 
putation, but  there  is  no  a  priori  as- 
surance of  its  efficiency.  Extensive 
simulation  experimentation  has  now 
shown  that,  with  the  proposed  struc- 
ture of  the  principal  key,  "multiplica- 
tive hashing"  is  very  effective.  In  this 
procedure  the  key,  an  integer,  is  mul- 
tiplied by  some  arbitrary  positive  con- 
stant less  than  one,  the  fractional  part 
of  the  product  is  then  multiplied  by  the 
number  of  physical  records  that  could 
be  stored  in  the  disk  space  reserved  for 
the  base,  and  the  integral  part  of  this 
second  product  is  the  primary  address 
to  be  scanned.  The  base  is  "chained,"  so 
that  if  the  first  address  scanned  does 
not  contain  the  record  sought,  the  header 
of  the  record  actually  resident  there  will 
contain  a  pointer  to  another  specimen 
description  for  which  the  hashing  func- 
tion yielded  the  same  result;  the  search 
continues  in  this  fashion  until  the  de- 
sired record  is  found  or  the  end  of  the 
chain  is  reached. 

Simulation  results  suggest  that,  with 
a  base  of  5000  specimen  descriptions  to 


be  stored  in  a  space  of  6000  physical 
records,  the  primary  address  will  be  the 
correct  address  in  about  40%  of  the  ac- 
cess attempts,  it  will  very  rarely  be  nec- 
essary to  query  more  than  two  other 
addresses,  and  it  will  never  be  neces- 
sary to  query  more  than  five.  If  the  rec- 
ords were  stored  either  randomly  or 
sequentially,  access  to  any  one  of  them 
would  require,  on  average,  a  scan  of  one- 
half  the  directory,  in  this  case  some  2500 
comparisons.  If  the  base-building  ven- 
ture is  successful,  the  final  product  will 
of  course  contain  many  more  than  5000 
specimen  descriptions.  (Current  esti- 
mates range  from  65,000  to  over 
100,000.)  It  is  therefore  of  considerable 
importance  that  although  require- 
ments for  search  time  and  memory  space 
for  the  directory  increase  rapidly  with 
the  size  of  the  base  if  access  is  by  di- 
rectory, search  time  increases  very 
slowly  with  increase  in  base  size  if  ac- 
cess is  by  hashing.  Access  by  hashing 
introduces  some  difficulties  not  encoun- 
tered in  access  procedures  that  rely  on 
stored  addresses,  but  these  problems 
seem  on  the  whole  minor.  Accordingly, 
in  the  prototype  IGBA  information  sys- 
tem currently  being  constructed,  access 
will  be  by  hash  function  rather  than 
directory. 

Ultimately,  the  base  will  contain  such 
variable  amounts  of  so  many  different 
kinds  of  information  about  so  many 
specimens  that  specific  service  requests 
will  usually  exploit  only  small  parts  of 
it.  It  will  also  be  large  enough  so  that 
simply  scanning  it  will  be  the  most  ex- 
pensive part  of  using  it.  It  is  anticipated 
that  the  commonest  limitations  of  spe- 
cific service  requests  will  be  geo- 
graphic, and  irrelevant  scanning  implicit 
in  such  limitations  can  of  course  be 
avoided  by  use  of  the  first  part  of  the 
identification  keyword.  Latitude  and 
longitude  limits  given  in  a  particular 
request  will  be  used  to  generate  inter- 
nally a  list  of  the  "names"  (numbers)  of 
1°  rectangles  that  might  contain  rele- 
vant information,  and  only  these  rec- 
tangles will  be  searched. 
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Many  other  kinds  of  information, 
however,  may  also  render  a  particular 
specimen  description  relevant  to  some 
service  requests  and  irrelevant  to  oth- 
ers. A  number  of  subordinate  tables  will 
provide  indexing  information  that  will 
confine  scanning  to  portions  of  the  base 
relevant  for  reasons  other  than  geo- 
graphic. Among  current  candidates  for 
unique  nongeographic  indexing  are  rock 
name,  stratigraphic  age,  analytical  de- 
tail and  completeness  of  essential  oxide 
determinations,  and  detail  of  specimen 
localization. 

In  addition,  it  will  be  possible  to  con- 
fine a  scan  to,  or  exclude  from  it,  spec- 
imen descriptions  containing  nonnull 
vectors  of  petrographic  descriptors, 
mineral-assemblage  lists,  trace-ele- 
ment determinations,  physical  age  de- 
termination, or  modal  analysis.  This 
type  of  indexing  is  to  provide  a  presort 
rather  than  a  final  sort.  If,  for  instance, 
retrieval  of  all  analyses  in  which  Zn 
>200  ppm  is  requested,  the  scan  will 
automatically  be  confined  to  specimen 
descriptions  containing  nonnull  trace- 
element  vectors,  any  one  of  which  may 
still  prove  irrelevant,  either  because  it 
contains  no  Zn  determination  or  be- 
cause it  lists  Zn  as  less  than  200  ppm. 
More-specific  indexing  is  of  course  pos- 
sible; in  this  case,  for  instance,  the  in- 
dex variable  might  be  either  the 
presence  of  any  base  metal  determi- 
nation, or  the  presence  of  a  determi- 
nation of  Zn  itself,  in  the  trace-element 
vector.  The  more  specific  the  indexing 
variables,  the  more  numerous  and 
lengthy  the  index  tables  and  the  more 
complex  the  processor  that  generates 
them.  What  is  at  issue  here  is  a  trade- 
off of  scanning  efficiency  vs.  generation 
time  and  memory. 

In  a  sense,  all  decisions  about  index- 
ing made  prior  to  extensive  practical 
experience  with  the  base  must  be  con- 
sidered provisional.  Just  as  incorpora- 
tion of  new  data  will  require  periodic 
updating  of  the  base,  accumulating  ev- 
idence about  the  incidence  of  service  re- 
quests of  different  kinds  will  probably 


lead  to  modification,  and  sometimes 
rather  extensive  restructuring,  of  its 
associated  information  system.  At  pres- 
ent, attention  is  being  directed  to  the 
development  of  a  convenient  query  lan- 
guage and  associated  program  reper- 
toire for  a  translator  that  will  make  it 
possible  to  sort  in  the  general  fashion 
described  above  and  retrieve  all  or  se- 
lected parts  of  each  relevant  specimen 
description  in  output  format(s)  speci- 
fied by  the  user  as  part  of  his  service 
request. 
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The  Link  Between  Petrographic, 

mlneralogical,  and  chemical 
Descriptions  of  Rock  Specimens* 

Felix  Chayes 

In  a  large  and  rapidly  increasing  pro- 
portion of  published  rock  descriptions, 
petrographic  and  mineralogical  de- 
scriptors are  so  generalized  that  their 
applicability  to  the  material  actually 
subjected  to  chemical  analysis  is  not  ap- 
parent. This  disturbing  information 
emerged  as  a  by-product  of  a  machine 
tally  of  the  frequencies  with  which  var- 
ious parts  of  the  coding  form  of  IGCP 
Project  163  were  actually  used  by  con- 
tributors gathering  data  from  the  pri- 
mary literature.  (The  frequency  data 
were  required  in  connection  with  de- 
sign work  described  in  the  preceding 
section  of  this  Report.) 

In  moving  data  from  the  printed  page 
to  the  project  coding  form,  contributors 
are  requested  to  circle  the  appropriate 
one  of  two  status  indicators  whenever 
petrographic  or  mineralogical  descrip- 
tion is  so  generalized  that  a  reader  ei- 
ther cannot  be  sure  it  applies  to  the 
analyzed  material  or  can  be  sure  it  does 

*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  78-08221. 
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not.  In  the  2132  coded  specimen  de- 
scriptions available  in  the  U.S.  group's 
systematic  scan  of  the  major  literature 
at  the  time  the  tally  was  made,  the  gen- 
eralized petrography  indicator  was  cir- 
cled on  739;  the  generalized  mineralogy 
indicator,  on  658.  As  shown  in  Table 
12,  both  are  much  more  likely  to  be  cir- 
cled in  recent  than  in  older  data. 

Both  the  overall  incidence  and  the 
time  effect  are  more  pronounced  in  forms 
prepared  by  contributors  who  prefer 
rock-type  to  journal  assignments,  and 
much  of  the  project's  data  is  of  this  type. 
Rock-type  data  sets  usually  provide  high 
sample  density  in  sharply  restricted 
geographic  coverage,  and  each  assign- 
ment tends  to  be  done  over  a  short  time 
interval  by  or  under  the  immediate  su- 
pervision of  a  single  contributor.  Be- 
cause each  of  these  circumstances 
creates  the  possibility  of  bias,  no  spec- 
imen descriptions  generated  in  an  areal 
or  rock-type  assignment,  U.S.  or  for- 
eign, were  included  in  the  tally. 

The  U.S.  group's  systematic  scan  of 
major  publications,  on  the  other  hand, 
contains  data  from  widely  dispersed 
areas,  published  over  many  years  by 
many  authors,  and  processed  by  many 
contributing  members  of  the  project. 
Except  for  the  possibility  of  incomplete 
response — unfortunately,  the  contrib- 
utor is  asked  only  to  indicate  that  the 
descriptors  are  generalized,  not  whether 
or  not  they  are  generalized — there  seems 


TABLE  12.  Incidence  of  Generalized 

Petrographic  (P)  and  Mineral-Assemblage  (M) 

Information  in  N  Specimen  Descriptions 


Date 

N 

P,  % 

M,  % 

Pre- 1956 

Post-1955 

Total 

780 
1352 
2132 

22.6 
41.6 
34.7 

19.5 
37.4 
30.9 

little  reason  to  doubt  that  it  provides  a 
sound  sample  of  the  published  corpus 
of  the  subject.  Evidently  never  as  strong 
as  most  petrologists,  the  writer  in- 
cluded, may  have  supposed,  the  linkage 
between  information  about  petrogra- 
phy, mineral  assemblage,  and  bulk 
composition  is  rapidly  becoming  very 
weak  indeed. 

Once  a  major  preoccupation  of  pe- 
trologists, this  kind  of  information  is 
still  a  fundamental  concern.  Many  crit- 
ical problems  regarding  relations  be- 
tween mineral  assemblage  and  bulk 
composition,  for  instance — relations  of 
vital  importance  in  much  contempo- 
rary modeling  and  simulation — are  as 
little  known  and  understood  today  as 
they  were  half  a  century  ago.  If  a  rock 
is  worth  collecting,  examining,  and 
analyzing,  a  three-  or  four-line  petro- 
graphic and  mineralogical  characteri- 
zation of  the  material  actually  analyzed 
does  not  seem  an  insupportable  extrav- 
agance, even  in  the  face  of  current  pub- 
lication costs. 


ELEMENT  CONCENTRATION 


Garnet  and  Pyroxene 
Compositions  in  Skarn  Deposits 

M.  T.  Einaudi 

The  majority  of  economic  skarn  de- 
posits occur  in  calcic  skarn  resulting 
from  the  reaction  of  limestone  with 
magmatic  hydrothermal  fluids.  Garnet 
and  pyroxene  represent  the  earliest  me- 
tasomatic  products,  and  their  compo- 
sitions and  accessory  mineral 
associations  should  yield  insights  into 


the  geochemical  conditions  that  serve 
to  concentrate  metals.  Although  the 
empirical  correlation  between  garnet- 
pyroxene  compositions  and  dominant 
economic  metal  in  skarns  has  been  ad- 
dressed (e.g.,  Zharikov,  1970;  Burt,  Year 
Book  71,  450-457)  and  some  headway 
has  been  made  in  outlining  the  geolog- 
ical and  geochemical  environment 
characteristic  of  the  different  skarn  types 
(Einaudi  et  al.,  1981),  the  underlying 
genetic  processes  are  as  yet  poorly  un- 
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derstood.  The  present  report  underlines 
some  of  the  distinctive  features  of  gar- 
net and  pyroxene  compositions  based 
on  a  compilation  of  recent  electron  mi- 
croprobe  analyses  and  focuses  on  some 
key  factors  that  may  be  responsible  for 
the  observed  variations. 

The  five  major  calcic  skarn  types  con- 
sidered are  sulfide-poor  Fe  skarns  as- 
sociated with  epizonal  dioritic  stocks  in 
andesitic  island-arcs,  sulfide-poor  W 
skarns  associated  with  mesozonal  felsic 
plutons  in  continental  orogenic  belts, 
sulfide-rich  Cu  and  Zn-Pb  skarns  as- 
sociated with  epizonal  felsic  plutons  in 
continental  orogenic  belts,  and  sulfide- 
poor  Sn-W-F  skarns  associated  with  post- 
orogenic,  ilmenite-series  granites. 

Pyroxene 

Pyroxenes  are  primarily  diopside  (Di)- 
hedenbergite  (Hd)  solid  solutions  gen- 
erally containing  less  than  30  mol  % 
johannsenite  (Jo)  (Fig.  33A).  The  max- 
imum Jo  content  increases  with  in- 
creasing Hd:Di,  a  trend  that  is 
compatible  with  an  idealized  substitu- 
tional order  of  Mg-^Fe-^Mn  in  the  Ml 
structural  site  based  on  mean  Ml-ox- 
ygen  distance. 

A  large  compositional  gap  is  present, 
extending  from  the  Di-Jo  join  well  into 
ternary  compositions.  The  absence  of  Di- 
Jo  solid  solutions  can  be  ascribed  to  the 
unusual  compositions  of  aqueous  solu- 
tions that  would  be  required.  The  ab- 
sence of  pyroxenes  plotting  near  the  Jo 
corner  results  in  part  from  the  insta- 
bility of  Jo  relative  to  bustamite  at  tem- 
peratures above  400°C  (Lamb  et  al., 
1972)  and  in  part  from  a  lack  of  electron 
microprobe  analyses  from  the  most  Mn- 
enriched  examples  of  Zn-Pb  skarn  de- 
posits. 

A  second  composition  gap,  defining 
the  minimum  Mn  content,  occurs  as  a 
narrow  wedge  along  the  Fe-rich  end  of 
the  Di-Hd  join.  Presumably,  Cl-rich, 
skarn-forming  fluids  always  contain  a 
sufficient  concentration  of  Mn  that  it  is 
incorporated  into  Fe-rich  pyroxene. 


Although  pyroxenes  from  Fe,  W,  and 
Zn-Pb  skarns  share  portions  of  their 
compositional  areas,  the  diopside-salite 
of  Cu  skarns  and  the  manganoan  hed- 
enbergite  of  Zn-Pb  skarns  are  distinct. 

Garnet 

The  majority  of  skarn  garnets  are 
presumably  grossularite  (Gr)-andra- 
dite  (Ad)  solid  solutions  containing  less 
than  15  mol  %  spessartine  (Sps)  +  al- 
mandine  (Aim)  (Fig.  33B).  Within  this 
grandite  area,  the  maximum  Sps  +  Aim 
content  increases  with  increasing  Gr:Ad, 
consistent  with  the  crystal-chemical  ar- 
guments of  Zemann  (1962).  The  insta- 
bility of  Ad-Sps-Alm  solid  solutions  is 
illustrated  by  the  large  composition  gap 
extending  from  the  Ad-(Sps  +  Aim) 
join  to  Gr:Ad  values  of  about  30:70. 

A  second  composition  gap,  defining 
the  minimum  Sps  +  Aim  content,  oc- 
curs as  a  narrow  wedge  along  the  Al- 
rich  end  of  the  Ad-Gr  join.  The  absence 
of  skarn  garnets  in  this  area  is  due  to 
the  presence  of  sufficient  concentra- 
tions of  Mn2+  and  Fe2+  in  Cl-rich,  skarn- 
forming  solutions  that  these  compo- 
nents are  incorporated  into  Al-rich  gar- 
net. Garnets  plotting  in  this  area  would 
represent  hornfelses  and  reaction 
skarns,  presumably  resulting  from  the 
influx  of  Cl-poor  solutions  (cf.  Burnham 
and  Ohmoto,  1980). 

Only  garnets  from  Cu  and  Fe  skarns 
are  limited  to  less  than  2.5  mol  %  Sps 
+  Aim,  and  garnets  from  Cu  skarns  are 
relatively  enriched  in  Ad.  Garnets  from 
W,  Zn-Pb,  and  Sn  skarns  share  the  broad 
grandite  compositional  area  at  2.5—15 
mol  %  Sps  +  Aim,  but  only  W  and  Sn 
skarns  contain  garnets  with  greater  than 
20  mol  %  Sps  +  Aim,  and  they  are  rel- 
atively enriched  in  Gr. 

Discussion 

Compositional  trends  summarized 
above  have  been  discussed  by  various 
workers  (e.g.,  Zharikov,  1970;  Einaudi, 
1977;  Shimazaki,  1977)  in  terms  of  the 
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Sps  -   Aim 


Fig.  33.  Plot  of  electron  microprobe  analyses 
of  pyroxenes  (A)  and  garnets  (B)  from  calcic  skarn 
deposits,  classified  according  to  petrotectonic  set- 
ting and  dominant  economic  metals  (see  text). 
Data  from  Alpers  (1980),  Ashley  (1980),  Burton 
et  al.  (1982),  Dick  and  Hodgson  (1982),  Dobson 
(1982),  Guy  (1980),  Harris  and  Einaudi  (1982), 
Haug  (1976),  Meinert  (1982),  Newberry  (1980, 
1982),  Nockleberg  (1981),  Shimizu  and  Iiyama 
(1982),  Sweeney  (1980),  Uchida  and  Iiyama  (1982), 
Yun  and  Einaudi  (1982). 


idealized  end  members  Gr  +  Hd  (re- 
duced, sulfide-poor  W  skarns)  and  Ad 
+  Di  (oxidized,  sulfide-rich  Cu  skarns). 
Deviations  from  this  scheme  include  the 
Mn  enrichment  of  pyroxene  in  the  Zn- 
Pb  class,  the  Fe-rich  grandite-ferro- 
salite  association  of  Fe  skarns,  and  the 


subcalcic  garnets  of  W  and  Sn  skarns. 

Many  of  these  trends  can  be  cast  in 
terms  of  differences  in  oxidation  state 
of  the  skarn-forming  system,  and  the 
question  then  is  to  identify  the  causes 
of  these  differences  in  oxidation  states 
and  to  determine  whether  they  can  be 
tied  to  metal-concentrating  processes. 

The  association  in  Cu  skarns  of  fresh 
diopsidic  pyroxene  and  andraditic  gar- 
net with  slightly  later  quartz-magne- 
tite (Mag)-sulfide  assemblages  is 
consistent  with  relatively  high  oxida- 
tion states  based  on  the  reaction  Hd  (in 
Cpx)  +  02  =  Ad  +  Qtz  +  Mag;  rela- 
tively high  oxidation  states  of  Cu  skarn 
environments  also  can  be  inferred  from 
the  common  presence  of  hematite  and 
from  the  oxidized  nature  of  mafic  sili- 
cates in  the  associated  magnetite-series 
granitoids  (Einaudi,  1982).  Recent  ex- 
perimental data  on  the  T-fS2-f02  stabil- 
ity of  clinopyroxene  solid  solutions 
(Gamble,  1982;  Burton  et  al.,  1982)  are 
used  in  Fig.  33A  to  illustrate  the  max- 
imum sulfidation  state  at  which  skarn 
clinopyroxenes  are  stable,  based  on  the 
reaction  Hd  (in  Cpx)  +  S2  =  Ad  +  Qtz 
+  Fe  sulfide.  At  500°-400°C,  clinopy- 
roxenes in  Cu  skarns  can  coexist  with 
pyrite  (Py),  whereas  a  significant  pro- 
portion of  clinopyroxenes  from  the  other 
skarn  types  cannot.  This  conclusion  is 
in  agreement  with  field  observation  and 
supports  the  contention  that  Cu  skarns 
represent  not  only  oxidized  but  also  rel- 
atively sulfidized  environments.  Be- 
cause the  sulfur-carrying  capacity  of  a 
magmatic  aqueous  chloride  solution  is 
dependent  on  the  oxidation  state  (Burn- 
ham  and  Ohmoto,  1980),  a  high  oxi- 
dation state  is  a  key  factor  in  base  metal 
sulfide  concentration. 

In  contrast,  the  high  content  of  Aim 
+  Sps  in  garnet  of  W  and  Sn  skarns  is 
favored  by  relatively  low  oxidation  states 
(Gr-Alm  +  02  +  H20  =  epidote)  and 
is  consistent  with  the  presence  of  rel- 
atively Fe-rich  clinopyroxenes  and  of 
minor  magnetite  rather  than  hematite. 
These  low  oxidation  states  reflect  the 
association  of  Sn  skarns  with  ilmenite- 
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series  or  S-type  granitoids  that  are  in- 
trinsically reduced  (Ishihara,  1981)  and 
of  W  skarns  with  deeply  emplaced  mag- 
netite-series granitoids  that  are  re- 
duced relative  to  their  epizonal 
counterparts  (Einaudi,  unpublished 
data).  The  aqueous  phase  produced  from 
such  plutons  would  tend  to  be  sulfur- 
poor  (Burnham  and  Ohmoto,  1980),  a 
result  consistent  with  the  low  sulfide 
content  and  predominance  of  pyrrhotite 
(Po)  and  arsenopyrite  ±  chalcopyrite 
over  pyrite  and  tennantite  in  W  and  Sn 
skarns.  In  these  skarns  the  low  oxida- 
tion state  of  magmatic  hydrothermal 
fluids  is  a  reflection  of  other  factors  that 
lead  to  W  and  Sn  concentration.  For 
example,  in  W  skarns  it  reflects  the  rel- 
atively deep,  high-temperature  condi- 
tions necessary  to  concentrate  scheelite, 
which  has  a  retrograde  solubility  (New- 
berry and  Einaudi,  1981). 

Differences  in  oxidation  also  cannot 
be  the  sole  factor  responsible  for  differ- 
ences in  major-element  composition  be- 
tween skarn  types.  The  Mn  enrichment 
seen  in  Zn-Pb  skarns  may  be  a  function 
of  the  travel  distance  from  source  to  re- 
active limestone  (Meinert  et  al.,  1980). 
The  Al  enrichment  of  W  and  some  Sn 
skarns  is  reflected  not  only  by  garnet 
compositions  but  also  by  the  presence 
of  abundant  idocrase.  Other  factors  being 
equal,  high  pressure  and  temperature 
due  to  deep  emplacement,  combined  with 
a  low  magnetite  content  of  plutons  due 
to  low  oxidation  states,  would  favor  rel- 
atively high  values  of  Al/Fe  in  mag- 
matic hydrothermal  fluids  (Whitney  et 
al,  1979;  Burnham  and  Ohmoto,  1980). 
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Some  Aspects  of  the  Geology  and 

Mineralogy  of  the  Fluorine-Rich 

Skarn  at  McCullough  Butte, 

Eureka  County,  Nevada* 

M.  D.  Barton 

Fluorine  is  a  characteristic  compo- 
nent of  several  kinds  of  mineral  depos- 
its including  some  deposits  of  tin, 
tungsten,  molybdenum,  beryllium,  and 
uranium.  Few  fluorine-rich  systems 
have  been  well  studied,  however,  and 
the  role  of  fluorine  in  them  is  poorly 
known.  An  integrated  geological  and 
geochemical  study  of  the  fluorite-rich 
skarn  at  McCullough  Butte  has  been 
undertaken  for  a  better  understanding 
of  the  genesis  of  one  of  these  systems. 
In  this  report  the  structure,  mineral- 
ogy, and  timing  of  the  alteration  are 
discussed;  geochemical  data  are  pre- 


*Research  supported  in  part  by  an  American 
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sented  in  an  accompanying  article 
(Barton  et  al.,  this  Report). 

McCullough  Butte  lies  19  km  south- 
west of  the  town  of  Eureka  in  east-cen- 
tral Nevada.  Cretaceous,  two-mica 
granite  porphyries  intrude  a  folded  and 
faulted  sequence  of  Paleozoic  miogeo- 
clinal  sedimentary  rocks  (Fig.  34A).  The 
main  host  for  the  mineralization  is  the 
Ordovician  Pogonip  Group  limestone, 
which  is  successively  overlain  by  the 
Ordovician  Eureka  Quartzite,  the  Han- 
son Creek  Formation  dolomite,  and  a 
Silurian-Devonian  section  consisting 
mostly  of  dolomites.  Major  deformation 
occurred  during  the  Mississippian-age 
Antler  orogeny.  Low-angle  faults  and 
two  pairs  of  folds  dominate  the  local 
structure  (Fig.  34A).  Postmineraliza- 
tion  deformation  is  minor,  although 
Basin  and  Range  faults  with  large  dis- 
placements occur  to  the  north  and  east. 

Alteration  in  the  McCullough  Butte 
area  falls  into  two  broad  divisions  based 
on  the  presence  or  absence  of  fluorite. 
These  categories  can  be  further  subdi- 
vided by  mineralogy  and  morphology. 
Table  13  summarizes  the  kinds  of  al- 
teration in  the  McCullough  Butte  area. 
There  are  many  subtle  variations  within 
this  scheme,  but  they  cannot  be  re- 
solved easily  given  the  present  poor  ex- 
posure. Most  of  the  alteration  occurs  in 
carbonate  hosts  and  is  in  the  form  of 
veins;  the  skarn  as  a  whole  is  a  stock- 
work  of  veins  and  their  envelopes.  The 
mineralization  contains  appreciable 
quantities  of  F,  Zn,  and  Be  and  minor 
amounts  of  Mo,  W,  and  Sn. 

Locally  pervasive  alteration  includes 
development  of  tremolite  in  the  Eureka 
Quartzite  and  recrystallization  and  do- 
lomitization  of  the  Pogonip  Group  lime- 
stones. The  recrystallization  and 
development  of  tremolite  are  restricted 
to  the  area  around  McCullough  Butte 
itself,  as  are  the  known  two-mica  gran- 
ite porphyries.  The  dolomitized  Po- 
gonip is  more  widespread  but  is 
generally  found  immediately  beneath 
the  quartzite,  except  just  to  the  west  of 
Ditto  Peak,  where  it  is  thickly  devel- 
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Fig.  34.  (A)  Simplified  geology  of  the  McCullough  Butte  area.  (B)  Limits  of  the  different  alteration 
associations.  (See  text  and  Table  13.) 


oped  beneath  a  structurally  complex 
zone  (Fig.  34A). 

The  veins  show  the  greatest  miner- 
alogical  variability  and  are  best  devel- 
oped in  the  carbonate  hosts  where  they 
commonly  cut  zones  of  the  pervasive  al- 
teration described  above.  Quartz  veins 
with  minor  pyrite,  muscovite,  and 
fluorite  cut  the  quartzite,  but  they  are 
limited  in  extent,  and  although  their 
exact  relation  to  the  other  veins  is  un- 
known, they  appear  most  similar  to  the 
Q  veins  (Table  13)  in  the  carbonates. 
Five  major  vein  types  are  recognized  in 
the  carbonates  and  one  type  in  the  por- 
phyries (Table  13).  Each  of  these  vein 
types  has  associated  envelopes  with  dis- 
tinctive mineral  content  and  textures. 
Single  vein  assemblages  may  crosscut 
one  another,  or  several  stages  may  fill 
the  same  fracture,  with  superimposed 
effects  upon  the  adjacent  host. 

Pegmatitic  quartz  veins  (Table  13, 
type  I)  cut  the  porphyry  dikes;  they  have 
envelopes  of  bleached  feldspars,  com- 
monly with  inner  zones  of  muscovite  + 
quartz.  The  garnet  (G),  plagioclase  (P), 


muscovite  (M),  and  quartz  (Q)  vein  as- 
sociations occur  together  in  the  carbon- 
ates in  the  McCullough  Butte  area. 
Quartz-carbonate  veins  with  minor  sul- 
fides and  no  fluorite  (Table  13,  Ag  type) 
are  more  widespread;  they  are  found 
mainly  along  low-angle  fault  zones  in 
the  Silurian  and  Devonian  rocks. 

The  timing  of  the  Ag  veins  relative 
to  the  others  is  not  known,  but  cross- 
cutting  relationships  do  establish  the 
sequence  of  the  other  vein  types.  Much, 
if  not  all,  of  the  dolomitization  preceded 
the  fluorite-bearing  veins.  Similarly,  the 
tremolitization  of  the  quartzite  and  the 
recrystallization  of  the  limestone  ap- 
pear to  be  early  events.  The  dikes  also 
were  emplaced  early;  they  do  not  occur 
in  dolomitized  areas,  however,  and  their 
age  relative  to  the  tremolite  and  marble 
is  uncertain.  All  the  other  fluorite-rich 
types  cut  or  are  bounded  by  these  early 
features.  The  garnet  association  (G)  is 
the  earliest  and  most  spatially  re- 
stricted. The  plagioclase  association 
veins  (P)  both  cut  the  garnet  stage  and 
form  independent  veins.  In  dolomite 
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TABLE  13.  Types  of  Alteration  at  McCullough  Butte* 


Pervasive 


R 


Fine-  to  medium-grained  light  gray  to  dark  gray  dolomite  after  limestone;  exhibits 
several  stages  of  brecciation  and  recementation. 

Sprays  of  tremolite  ±  minor  quartz,  phlogopite,  and  calcite  in  the  Eureka  Quartzite; 
best  developed  in  the  lower  portions  near  the  contact  with  the  Pogonip  Group 
carbonates. 

Recrystallized  or  marbleized  Pogonip  Group  limestones;  in  some  places  contains 
disseminated  tremolite;  also  common  in  envelopes  around  the  better-developed  veins. 


Vein  related 

Vein  fillings 
I  Pegmatitic  quartz  +  feldspar  +  fluorite 


Coarse-grained  garnet  +  epidote 
quartz  ±  fluorite  ±  pyrite 


P  Fine-  to  coarse-grained  plagioclase  + 

fluorite  +  white  mica  ±  quartz  ± 
sphalerite  ±  molybdenite.  Zoisite  + 
mica  replace  plag. 

M  Coarse-grained  fluorite  +  muscovite 

calcite/dolomite  ±  beryl  ±  pyrite 


Q  Coarse-grained  quartz  ±  pyrite  ± 

muscovite  ±  fluorite  ±  dolomite/calcite 

Ag  Quartz  +  calcite/dolomite  ±  barite  ± 

Sb-sulfosalts 


Vein  envelopes 

Muscovite  +  fluorite  ±  quartz  greisen 
+  bleached  feldspar  with  chloritized 
biotite 

Medium-grained  garnet  +  cpx  +  fluorite 
±  quartz  ±  idocrase.  Altered  to  amph  ± 
chlor  ±  epid 

Fine-grained  amphibole  +  fluorite  + 
chlorite  ±  sphalerite  ±  pyrite  ± 
pyrrhotite  ±  calcite 


Very  fine-grained  phlogopite  +  fluorite 
(in  dolomite).  Bleaching  +  fluorite  ± 
amphibole  (in  limestone) 

None?  Bleaching? 
Silicification  or  recrystallization 


*Plus-or-minus  sign  =  with  or  without. 


hosts  these  veins  contain  chlorite  in 
place  of  much  of  the  plagioclase  and 
amphibole.  Where  garnet-stage  veins 
are  cut  by  plagioclase  veins  the  garnet 
commonly  alters  to  clinozoisite  and  the 
clinopyroxene  goes  to  hornblende.  The 
muscovite-fluorite  (M)  veins  supersede 
and  extend  farther  than  the  earlier  as- 
sociations. The  latest  and  most  exten- 
sive of  the  fluorite-bearing  veins  belong 
to  the  quartz  association  (Q).  Figure  34B 
shows  the  general  distribution  of  the 
fluorite-bearing  veins.  The  Ag-associ- 
ation  veins  are  sparse,  and  extend  well 
beyond  the  area  of  Fig.  34B.  They  may 
belong  to  a  separate  event.  The  pattern 


in  Fig.  34B  suggests  circular  zones  about 
McCullough  Butte  itself,  but  lack  of  ex- 
posures to  the  north  and  west  precludes 
completion  of  the  pattern. 

Figure  35  summarizes  one  interpre- 
tation of  the  temporal  and  spatial  dis- 
tribution of  events.  Although  the 
relative  timing  of  events  can  be  estab- 
lished at  most  locations,  the  relative 
timing  of  events  between  different  lo- 
cations is  not  known.  Figure  35  implies 
the  formation  of  several  types  simul- 
taneously, but  that  need  not  have  been 
the  case.  Indeed,  by  analogy  with  other 
skarns  (cf.  Einaudi  et  al.,  1981),  the  hy- 
drous (amphibole-  and  sheet-silicate- 
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Fig.  35.  Time-distance  diagram  showing  an 
interpretation  of  the  sequence  of  events  in  the 
McCullough  Butte  skarn.  This  diagram  is  a  tem- 
poral cross  section  from  McCullough  Butte  to  Ditto 
Peak  (cf.  Fig.  34). 

bearing)  assemblages  could  be  later 
throughout  the  skarn. 

In  addition  to  the  coarse,  mineral- 
ogical  zoning  scheme  discussed  above 
there  are  subtle  variations  within  the 
zones  in  both  mineral  assemblages  and 
compositions  and  in  the  abundances  and 
distributions  of  the  various  alteration 
types.  The  muscovite-fluorite  and  the 
quartz  vein  associations  have  uniform 
mineral  content  and  textures,  except  as 
noted  in  Table  13.  Quartz  veins  are 
abundant  throughout  the  system,  but 
the  muscovite  veins  appear  to  be  more 
abundant  in  the  outer  portions.  In  the 
outer  portions  the  alteration  appears  to 
be  best  developed  immediately  beneath 
the  Eureka  quartzite,  but  in  the  two 
westernmost  drill  holes  the  alteration 
is  distributed  evenly  throughout  the 
carbonate.  Near  the  center  of  the  zon- 
ing pattern  the  plagioclase-stage  veins 
are  more  abundant  and  larger  than  they 
are  at  the  limits.  The  garnet  association 
contains  appreciable  idocrase  with  only 
minor  amounts  of  pyroxene  near  the 
center  of  the  system.  Idocrase  rarely  oc- 
curs elsewhere. 

Garnet  and  pyroxene  compositions  are 
plotted  in  Fig.  36.  Two  systematic  trends 
are  indicated.  The  early  silicates  are 


Fig.  36.  Normalized  compositions  of  metaso- 
matic  garnets  and  clinopyroxenes  from  the 
McCullough  Butte  skarn  (electron  microprobe 
analyses  in  mol  %).  The  arrows  indicate  the  change 
in  composition  with  decreasing  age  of  the  phases 
or  increasing  distance  from  the  center  of  the  al- 
teration pattern.  Aim,  almandine;  Sp,  spessar- 
tine;  Gr,  grossular;  Ad,  andradite;  Jo,  johannsenite; 
Di,  diopside;  Hd,  hedenbergite. 

Fe-poor,  whereas  the  later  garnets  and 
pyroxenes  are  appreciably  Fe-enriched. 
The  latest  garnets  (associated  with  ep- 
idote  instead  of  pyroxene)  have  appre- 
ciable subcalcic  components,  generally 
split  subequally  between  spessartine  and 
almandine  (Fig.  36).  The  pyroxenes  do 
not  become  appreciably  manganiferous 
unlike  those  in  Zn-Pb  skarns  (Einaudi, 
this  Report).  Amphiboles  and  sheet  sil- 
icates that  replace  these  phases  tend  to 
have  similar  Fe/Mg. 

The  overall  pattern  of  aluminous  gar- 
net and  ferrous  clinopyroxene  is  similar 
to  that  found  in  reduced  tungsten  skarns 
and  in  some  molybdenum  and  tin  skarns. 
The  McCullough  Butte  skarn  has  fea- 
tures in  common  with  many  other  skarns 
but  is  set  apart  by  its  large  size  and 
fluorine-rich  nature.  Some  tin  and  mo- 
lybdenum skarns,  however,  resemble 
McCullough  Butte  in  many  ways,  al- 
though they  tend  to  be  smaller.  These 
deposits  contain  significant  quantities 
of  fluorine  and  the  lithophile  elements 
typical  of  fluorine-rich  igneous  rocks. 
Early  skarn  tends  to  be  garnet  +  fluor- 
ite  +  idocrase  or  pyroxene  with  later 
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amphibole-rich  retrograde  alteration 
that  contains  the  ore  minerals.  In  sev- 
eral tin  skarns  fluorite-white  mica  veins 
carry  appreciable  quantities  of  beryl- 
lium minerals,  very  similar  to  the  mus- 
covite-fluorite  stage  at  McCullough 
Butte  (e.g.,  Lost  River,  Alaska,  see  Dob- 
son,  1982;  Moina,  Tasmania,  see  Kwak 
and  Askins,  1981). 

The  mineral  assemblages,  zoning,  and 
geochemical  data  (Barton  etal.,  this  Re- 
port; M.  D.  Barton,  in  preparation)  in- 
dicate low  f02,  fS2,  fC02,  total  Fe,  Cu,  and 
Pb  and  significant  contents  of  acid,  F- 
bearing  species  and  the  lithophile  ele- 
ments. These  data  are  consistent  with 
a  low-pressure,  moderate-temperature 
origin  for  the  alteration  resulting  from 
reaction  of  the  carbonates  with  fluo- 
rine-rich fluids  derived  from  a  local 
granitic  intrusive. 
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A  central  problem  in  understanding 
the  genesis  of  hydrothermal  mineral 
deposits  and  some  other  metasomatic 
rocks  is  the  origin  of  the  fluids  and  non- 
volatile components  that  form  the  de- 
posits. Isotope  and  trace-element  studies 
can  place  constraints  on  these  origins 
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and  other  parameters  such  as  temper- 
atures, activities  of  species  in  aqueous 
solution,  and  fluid-rock  ratios.  The  iso- 
topes of  H,  C,  O,  and  S  have  been  widely 
applied  to  the  study  of  ore  deposits  (e.g., 
reviews  by  Taylor,  1979;  Ohmoto  and 
Rye,  1979)  and  to  a  lesser  extent  in  the 
study  of  other  problems  in  water-rock 
interaction  (e.g.,  Taylor,  1977;  Rumble 
et  al.,  1982).  Strontium  isotope  mea- 
surements have  recently  been  used  to 
provide  insight  into  transport  and  mix- 
ing mechanisms  in  igneous  rocks 
(James,  1981)  and  hydrothermal  trans- 
port in  oceanic  crust  (McCullough  etal., 
1981),  a  granite  (Dickin  et  al.,  1980), 
and  a  fluorite  deposit  (Ruiz  et  al.,  1980). 
James  (1981)  reviewed  the  use  of  com- 
bined oxygen  and  strontium  isotope 
studies  in  resolving  the  sources  of  com- 
ponents in  igneous  systems.  The  rare 
earth  elements  (REE)  are  most  com- 
monly used  to  decipher  the  evolution  of 
igneous  rocks  (reviewed  by  Hanson, 
1980),  but  recently  Exley  (1980)  and 
Daigneault  et  al.  (1982)  used  the  REE 
in  studies  of  fluid-rock  interactions. 

In  this  study  C,  O,  and  Sr  isotopes 
and  the  REE  are  used  to  evaluate  the 
sources  of  components  and  to  estimate 
fluid-rock  ratios  for  the  fluorine-rich 
skarn  at  McCullough  Butte,  Eureka 
County,  Nevada.  These  results,  in  com- 
bination with  those  from  ongoing  geo- 
logical and  geochemical  studies  of  the 
McCullough  Butte  skarn  (Barton,  this 
Report),  will  provide  a  detailed  descrip- 
tion of  and  model  for  the  alteration  that 
should  bear  on  the  mechanisms  of  for- 
mation of  other  skarns  and  fluorine-rich 
mineral  deposits. 

Carbon  and  Oxygen  Results 

The  isotopes  of  carbon  and  oxygen  are 
useful  tracers  of  the  ore-forming  com- 
ponents at  McCullough  Butte  because 
the  different  possible  sources  of  the 
components  of  the  alteration  (marine 
carbonate,  granite  porphyry,  and  me- 
teoric water)  have  significantly  differ- 
ent   initial    isotopic    ratios.    The 
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combination,  during  the  alteration  pro- 
cess, of  equilibrium  isotopic  fractiona- 
tion among  phases  and  mass  transfer 
should  produce  isotopic  variations  that 
reflect  the  sources  of  components. 

A  total  of  45  samples  of  calcite  and 
dolomite,  representing  each  of  the  al- 
teration types  at  McCullough  Butte  (see 
Barton,  this  Report)  and  the  host  car- 
bonates, were  analyzed  for  their  C  and 
O  isotope  ratios  with  standard  tech- 
niques. The  results  of  these  analyses 
are  plotted  in  Fig.  37  with  both  C  and 
O  referred  to  the  PDB  scale.  For  com- 
parison, the  ranges  of  magmatic  and 
meteoric  oxygen,  magmatic  carbon,  and 
Ordovician  limestone  are  shown. 

The  isotopic  results  separate  groups 
of  carbonates  in  the  area.  Fresh  lime- 
stones and  dolomites  far  from  the  flu- 
orine-rich alteration  have  values  like 
those  for  unaltered  carbonates  of  sim- 
ilar age  elsewhere.  Compared  with  the 
fresh  carbonate  rocks,  the  vein-filling 
carbonates  from  the  Ag  veins  are  de- 
pleted in  180  but  little  changed  in  13C/ 
12C.  In  contrast,  the  fluorine-rich  alter- 


ation and  its  host  carbonates  show 
marked  depletion  in  both  13C  and  180 
along  a  trend  toward  magmatic  values. 
Generally,  in  the  fluorite-bearing  vein 
associations  the  vein  carbonates  are  the 
most  depleted,  the  skarn  carbonates  are 
less  so,  and  the  host  carbonates  are  the 
least  depleted.  The  lightest  value  be- 
longs to  a  coarse  calcite  crystal  from  a 
pegmatitic  vein  cutting  the  granite  por- 
phyry. 

The  depletion  in  180  and  not  in  13C 
for  the  Ag  veins  is  consistent  with  a 
fluid  dominated  by  meteoric  water  and 
a  high,  cumulative  fluid/rock  value.  In 
the  skarn,  the  depletion  in  both  180  and 
13C  is  compatible  with  a  dominantly 
magmatic  fluid.  Decarbonation  reac- 
tions, which  produce  similar  patterns, 
could  have  played  a  significant  role. 
Large-scale  interaction  with  pristine 
meteoric  water  is  unlikely  for  the  skarn 
because  the  180  is  insufficiently  de- 
pleted. Fluid-rock  ratios,  however,  are 
difficult  to  estimate  because  they  de- 
pend on  model  assumptions  and  de- 
tailed knowledge  of  the  physical 
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Fig.  37.  Plot  of  813C  (PDB)  vs.  8180  (PDB)  showing  the  isotopic  compositions  of  45  carbonate  samples 
from  the  McCullough  Butte  area.  The  range  for  meteoric  water  is  from  Taylor  (1979),  the  magmatic 
carbon  range  is  from  Ohmoto  and  Rye  (1979),  and  the  magmatic  water  range  is  estimated  from 
preliminary  isotopic  analyses  of  the  igneous  silicates. 
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conditions  during  petrogenesis.  The 
magmatic  source  of  oxygen  and  carbon 
for  the  skarn  is  similar  to  that  found 
by  Taylor  and  O'Neil  (1977)  for  skarns 
in  the  Osgood  Mountains. 

Strontium  and  REE  Results 

Strontium  and  the  REE  usually  sub- 
stitute for  calcium  in  minerals,  albeit 
to  different  degrees.  Because  calcium 
phases  are  abundant  in  the  Mc- 
Cullough  Butte  rocks  and  because  the 
different  rock  types  should  have  differ- 
ent initial  REE  patterns  and  Sr  isotope 
ratios,  these  elements  can  yield  evi- 
dence about  sources  of  components.  The 
strontium  isotopes  have  the  added  ad- 
vantage that  they  do  not  fractionate  in 
geological  processes;  therefore,  they  can 
be  used  as  absolute  tracers  independent 
of  the  physical  conditions  of  ore  for- 
mation (providing  that  corrections  for 
radiogenic  Sr  are  made).  Neodymium 
isotope  measurements  could  poten- 
tially be  used  in  the  same  way  as  Sr 
ratios  to  determine  the  sources  of  the 
REE. 

Strontium  isotope  analyses  for  fif- 
teen samples  are  presented  in  Fig.  38; 
they  were  performed  with  standard 
techniques  at  the  CONOCO  laborato- 
ries, Ponca  City,  Oklahoma,  and  at  the 
Carnegie  Institution  Department  of 
Terrestrial  Magnetism.  Corrections  for 
radiogenic  strontium  were  made  to  sev- 
eral of  the  granite  (Kg)  ratios.  Ten  REE 
analyses  were  done  by  instrumental 
neutron  activation  analysis  at  the  Uni- 
versity of  Michigan.  The  REE  patterns 
show  strong  light  REE  enrichments 
(relative  to  chondrites)  in  the  granite 
porphyries,  and  flatter,  less  fraction- 
ated patterns  in  the  host  carbonates. 
Fluorite  REE  patterns  resemble  those 
of  the  host  rocks. 

The  intermediate  strontium  ratios  for 
the  fluorite  (Fig.  38)  require  mixing  of 
Sr  from  at  least  two  sources.  Multiple- 
source  origin  contrasts  with  the  results 
of  Ruiz  et  al.  (1980)  on  the  fluorite  de- 
posit at  Las  Cuevas,  where  all  the  Sr 
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Fig.  38.  Initial  strontium  ratios  for  fifteen 
samples  from  the  McCullough  Butte  area.  Kg, 
granite  porphyries;  Op,  Pogonip  Group  carbon- 
ates; Oh,  Hanson  Creek  Formation  dolomites.  The 
anomalously  high  Oh  determination  is  for  a  sam- 
ple immediately  adjacent  to  a  mica-  and  hence 
Rb-rich  vein;  the  Rb  content  was  not  determined, 
so  the  value  may  be  anomalously  high  owing  to 
radiogenic  Sr. 

was  locally  derived.  The  REE  results 
suggest  a  more  limited  mobility  for  those 
elements,  in  agreement  with  experi- 
mental partition  coefficients  (Flynn  and 
Burnham,  1978)  but  somewhat  differ- 
ent from  recent  studies  on  other  hy- 
drothermal  systems  (Exley,  1980; 
Daigneault  et  al.,  1982). 

Conclusions 

The  C,  O,  and  Sr  isotopic  results  in- 
dicate that  magmatic  fluids  played  a 
large  part  in  the  formation  of  the 
McCullough  Butte  skarn.  The  patterns 
suggest  that  the  REE  were  relatively 
immobile,  even  under  the  F-rich  (and 
possibly  C02-rich)  conditions  of  for- 
mation. 
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volved  are  of  general  significance  to 
pegmatite  evolution,  and  (2)  economic 
deposits  of  tantalum  are  usually  asso- 
ciated with  mica-bearing  assemblages 
that  have  replaced  spodumene.  Prelim- 
inary experimental  studies  of  the  ef- 
fects of  aqueous  H  + ,  K  + ,  and  F  ~  on  the 
stability  of  spodumene  include  those  of 
Armstrong  (1969),  Munoz  (1971),  and 
Grubb  (1973).  Natural  occurrences  of 
altered  spodumene  and  associated 
phases  (Table  14  and  Fig.  39)  provide 
qualitative  information  that  can  be  or- 
ganized in  schematic  isobaric,  isother- 
mal |xHF-|jiKF-fxLiF  acidity-salinity 
phase  diagrams  (e.g.,  Burt,  1981).  The 
phase  diagrams  depicted  in  Fig.  40 
present  sequences  of  mineral  reactions 
involving  spodumene  and  other  phases 
in  the  system  LiA102-Si02-H20-HF-LiF- 
KF.  The  sequences  of  assemblages  pro- 
duced by  increasing  fluid  acidity  ((jlHF) 
reflect  the  increasing  capacity  of  an 
aqueous  fluid  to  hydrolyze  solid  phases 
and  leach  alkali  cations.  Increasing  sal- 
inity (|xKF)  also  reflects  increasing  al- 
kalinity of  the  fluid  phase,  because  some 
of  the  reactions  listed  in  Table  15  and 
shown  in  Fig.  40  are  actually  exchange 
reactions.  For  example,  the  conversion 
of  spodumene  to  K-feldspar  with  in- 
creasing |xKF  could  be  represented  by 
the  component  KLi_l5  an  alkaline  ex- 
change operator,  which  is  equivalent  to 

^°kf  -  ^°l,f  +  RT  ln(aKF/aLiF)- 

Figure  40  is  constructed  for  an  ar- 
bitrary P  and  T  within  the  stability  field 
of  spodumene  (e.g.,  300°-400°C  and  2- 


Stability  of  Spodumene  in  Acidic 

and  Saline  Fluorine-Rich 

Environments 

David  London 

The  subsolidus  alteration  of  spod- 
umene to  mica-bearing  assemblages  is 
significant  for  two  reasons:  (1)  replace- 
ments of  this  type  are  commonly 
observed  in  spodumene-bearing  peg- 
matites,  and   thus   the   processes   in- 


TABLE  14.  Names  and  Compositions  of  Phases 
under  Consideration 


Phase 

Abbreviation          Composition 

Topaz 

Tpz 

Al2Si04F2 

Cookeite 

Ckt 

LiAl5Si3O10(OH)8 

Muscovite 

Mus 

KAl3Si3O10(OH)2 

Lepidolite 

Lpt 

K2Li2Al4Si7O20F3(OH) 

Spodumene 

Spd 

LiAlSi206 

K-feldspar 

Ksp 

KAlSi308 

Quartz 

Qtz 

Si02 
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Fig.  39.  Compositions  of  phases  (Table  14)  as 
projected  onto  the  join  LiAlCvSi02  in  the  system 
LiA102-Si02-H20-HF-LiF-KF.  The  projection  is 
valid  for  constant  chemical  potentials  of  the  com- 
ponents H20,  HF,  LiF,  and  KF. 


3  kbar;  London,  Year  Book  80,  341-345). 
The  other  phases  under  consideration 
are  assumed  to  be  stable  in  this  P-T 
range  (except  perhaps  cookeite).  The 
chemical  potentials  of  Si02  and  H20  are 
presumed  to  be  buffered  by  the  presence 
of  excess  quartz  and  water.  Chemical 
potentials  of  the  (real  or  fictive)  com- 


TABLE  15.  Some  Reactions  among  Phases  in 

the  System  LiA102-Si02-H20-HF-LiF-KF 

(Table  14  and  Fig.  40) 

Spd  +  Qtz  +  KF  =  Ksp  +  LiF 
4Spd  +  2KF  +  3HF  =  Lpt  +  Qtz  +  2LiF  +  H20 
3Spd  +  KF  +  2HF  =  Mus  +  3Qtz  +  3LiF 
5Spd  +  4HF  +  2H20  =  Ckt  +  7Qtz  +  4LiF 
4Ksp  +  2LiF  +  3HF  =  Lpt  +  5Qtz  +  2KF  + 

H20 
3Ksp  +  2HF  =  Mus  +  2KF 
2Ksp  +  4HF  =  Tpz  +  5Qtz  +  2KF  +  H20 
4Mus  +  9Qtz  +  2KF  +  6LiF  +  HF  =  3Lpt  + 

4H20 
2Mus  +  8HF  =  3Tpz  +  3Qtz  +  6H20  +  2KF 
2Ckt  +  12HF  =  5Tpz  +  Qtz  +  2LiF  +  14H20 
3Ckt  +  6Qtz  +  5KF  =  5Mus  +  3LiF  +  2HF  + 

6H20 
4Ckt  +  23Qtz  +  6LiF  +  10KF  =  5Lpt  +  HF  + 

13H20 
Lpt  +  5HF  =  2Tpz  +  5Qtz  +  2KF  +  2LiF  + 

3H,0 


Fig.  40.  Schematic  isobaric-isothermal  (xHF-|xLiF-|xKF  phase  diagrams  in  the  system  LiA102-Si02- 
H20-HF-LiF-KF,  constructed  for  an  arbitrary  P  and  T  within  the  stability  field  of  spodumene  (and 
all  other  phases)  and  for  conditions  of  constant  |xSi02  and  fi.H20  (saturation  in  quartz  and  water). 
Dashed  lines  delineate  the  various  sections  iW-Z)  through  ^.HF-|xKF-fjLLiF  space.  Points  labeled  A- 
D  are  referred  to  in  the  text. 
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ponents  HF,  KF,  and  LiF  are  chosen  to 
be  controlled  externally  by  the  fluid 
phase  (i.e.,  unbuffered  by  the  solid-phase 
system).  The  justification  for  this  as- 
sumption is  that  in  pegmatites,  a  single 
giant  crystal  (e.g.,  of  spodumene)  may 
be  regarded  as  a  system  that  is  open 
(along  fractures  and  cleavages)  to  fluids 
from  the  surrounding  pegmatite. 

Natural  occurrences  lead  to  the  con- 
clusion that  spodumene  is  incompatible 
with  topaz  in  pegmatities  under  the 
specified  P-T  conditions,  and  that  spod- 
umene and  topaz  are  separated  by  fields 
of  cookeite,  lepidolite,  and  muscovite 
(although  spodumene  and  topaz  may  be 
compatible  in  some  P-T-X  space).  Cook- 
eite may  become  unstable  at  the  high 
end  of  the  P-T  range  under  considera- 
tion, and  theoretically,  spodumene  and 
topaz  may  be  stable  at  very  low  values 
of  jxKF  (or  other  K  species).  It  appears, 
however,  that  the  activities  of  K  species 
(perhaps  grossly  buffered  by  alkali  feld- 
spars) are  sufficiently  high  relative  to 
Li  and  H  that  muscovite  separates 
spodumene  from  topaz  under  natural 
conditions.  At  lower  T  (<400°C?),  cook- 
eite may  become  stable  (at  relatively 
high  LiF)  over  muscovite  at  low  values 
of  (xKF.  Lepidolite  and  cookeite  may  re- 
place spodumene  at  relatively  high  val- 
ues of  (xLiF.  Cookeite  -I-  lepidolite 
assemblages  (e.g.,  Cerny  et  al.,  1971; 
Foord,  1976)  are  stable  along  line  BB' 
(Fig.  40);  at  lower  values  of  |j,LiF  (and 
perhaps  lower  T),  however,  the  fields  of 
cookeite  and  K-feldspar  may  merge 
(along  line  AB),  and  the  assemblage 
cookeite  +  lepidolite  +  K-feldspar 
( ±  spodumene)  would  become  stable 
(e.g.,  Cerny  et  al.,  1971).  Under  slightly 
more  acidic  conditions,  assemblages 
containing  cookeite  +  lepidolite  +  to- 
paz should  become  stable  at  point  B' . 
Cookeite  is  a  commonly  observed  con- 
stituent of  pegmatitic  pockets  in  which 
feldspars,  beryl,  and  other  minerals  dis- 
play evidence  of  corrosion  by  acids,  but 
the  association  of  cookeite  with  topaz 
apparently  has  not  been  described.  As- 
semblages containing  lepidolite  +  to- 


paz +  K-feldspar  (e.g.,  Cornish 
leucogranites;  Stone  and  George,  1978) 
are  stable  at  high  values  of  both  (jlHF 
and  |xKF  (point  C)  relative  to  assem- 
blages containing  spodumene.  The  same 
relationship  holds  for  the  more  common 
greisen  assemblage  of  muscovite  +  to- 
paz +  K-feldspar  (point  D)  at  lower  val- 
ues of  (xLiF. 

Figure  40  also  contains  information 
pertinent  to  tantalum  mineralization 
in  pegmatites  such  as  the  Tanco,  Man- 
itoba, and  Harding,  New  Mexico,  de- 
posits. In  these  pegmatites,  tantalum 
mineralization,  in  the  form  of  microlite, 
tantalite,  and  wodginite,  is  associated 
with  lepidolite  and  lithian  muscovite 
that  replaces  spodumene  and  micro- 
cline.  Conversion  of  spodumene  + 
microcline  to  lepidolite  +  quartz  (Mu- 
noz,  1971)  occurs  in  relative  saline  (and 
perhaps  even  alkaline),  fluorine-rich 
environments  at  low  values  of  |xHF  (cf. 
Munoz,  1971;  Loh  and  Wise,  1976).  The 
apparent  association  of  Ta  mineral- 
ization with  saline  KF-rich  solutions 
rather  than  acidic  HF-rich  solutions  is 
consistent  with  the  observation  that 
tantalum  (as  metal,  oxides,  and  hy- 
droxides) displays  its  highest  solubility 
in  acidic  HF  solutions  but  is  relatively 
insoluble  in  alkaline  and  saline  solu- 
tions (e.g.,  Gibalo,  1970).  This  fact  is 
utilized  in  the  industrial  extraction  of 
tantalum,  in  which  tantalum  is  leached 
from  ores  with  aqueous  HF,  followed  by 
addition  of  KF  or  KOH  to  precipitate 
K2TaF7  (e.g.,  Miller,  1959). 

In  conclusion,  Ta  ores  in  pegmatites 
appear  to  be  deposited  with  increasing 
aKF/anF  in  the  aqueous  phase.  Boiling 
of  an  aqueous  (pegmatitic)  solution  may 
produce  a  sharp  increase  in  aKF/anF  in 
the  liquid  phase,  but  the  aqueous  fluids 
in  pegmatites  such  as  the  Tanco  and 
Harding  deposits  apparently  followed  a 
P-T  path  well  above  the  liquid-vapor 
curve  for  H20  (pure  or  saline)  (Cook, 
1979;  London,  Spooner,  and  Roedder, 
this  Report).  The  separation  of  a  C02 
fluid  could  have  occurred  in  these  peg- 
matites at  relatively  high  T  (e.g.,  350°- 
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450°C;  see  Hollister,  1981).  The  effects 
(if  any)  of  C02-phase  separation  on  tan- 
talum geochemistry  are  not  known; 
however,  the  separation  of  a  C02  phase 
should  increase  the  salinity  of  the  co- 
existing aqueous  solution. 
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Fluid-Solid  Inclusions  in 

Spodumene  from  the  Tanco 

Pegmatite,  Bernic  Lake,  Manitoba 

David  London,  Edward  T.  C.  Spooner*  and 
Edwin  Roedderf 

The  Tanco  tantalum  mine  at  Bernic 
Lake,  Manitoba,  is  developed  in  a  large 
(1440  x  820  m),  subhorizontal  granitic 
pegmatite  that  is  enriched  in  Li,  Be,  Rb, 
Cs,  Sn,  and  Ta  (Crouse  et  al.,  1979). 
Lithium  minerals  occur  principally  as 
lithium  aluminosilicates  located  in  the 
central  parts  of  the  pegmatite.  The  oc- 
currence of  lithium  aluminosilicates  at 
Tanco  is  notable  in  that  petalite  (Li 
AlSi4O10),  spodumene  (a-LiAlSi206),  and 
eucryptite  (a-LiAlSi04)  are  found  to- 
gether with  quartz.  Textural  evidence 
indicates  that  primary  petalite  was  ex- 
tensively replaced  by  two  texturally 
different  intergrowths  of  spodumene  + 
quartz,  and  that  minor  amounts  of  pet- 
alite and  spodumene  were  subse- 
quently altered  to  eucryptite  +  quartz 
(Cerny  and  Ferguson,  1972;  Cerny, 
1975).  Spodumene  also  occurs  in  very- 
coarse-grained  laths  that  appear  to  be 
primary  in  origin  and  are  intergrown 
with  the  spodumene  +  quartz  pseudo- 
morphs  after  petalite.  It  appears,  there- 
fore, that  late-stage  crystallization  of 
the  Tanco  pegmatite  followed  aP-T  path 
that  passed  above  but  near  the  invar- 
iant point  containing  these  three  lith- 
ium aluminosilicates  and  quartz  in  the 
system  LiAlSi04-Si02  (London,  Year 
Book  80,  341-345;  London  and  Burt, 
1982). 

This  study  of  fluid  inclusions  in  lith- 
ium aluminosilicates  from  Tanco  has 
two  principal  objectives:  (1)  to  deter- 
mine minimum  (if  not  actual)  pressures 
and  temperatures  of  fluid  entrapment 
for  inclusions  in  these  minerals,  and  (2) 
to  provide  information  on  the  compo- 
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sitions  of  fluids  present  during  lithium 
aluminosilicate  formation  and  reac- 
tion. The  P-T  data  will  be  used  to  eval- 
uate the  results  of  experiments  in  the 
system  LiAlSi04-Si02-H20  (London, 
Year  Book  80,  341-345).  The  combi- 
nation of  P-T  data  and  information  on 
late-stage  fluid  compositions  (from  in- 
clusions) may  place  some  constraints  on 
the  P-T-X  conditions  during  rare-metal 
deposition  at  Tanco. 

This  report  presents  the  preliminary 
results  of  microthermometric,  scanning 
electron  microscope  (SEM),  and  energy- 
dispersive  spectrographic  (EDS)  anal- 
yses of  inclusions  in  three  different 
spodumene  samples  that  encompass  the 
principal  modes  of  occurrence  of  spod- 
umene at  Tanco  (Cerny  and  Ferguson, 
1972).  Microthermometric  studies  were 
performed  on  a  Linkam*  TH-600  pro- 
grammable heating  and  freezing  stage 
(Shepherd,  1981)  at  the  University  of 
Toronto,  with  calibration  as  in  Table 
16.  The  Linkam  system  was  used  to  ob- 
tain temperatures  of  eutectic  melting 
(Te),  final  disappearance  of  ice  (Tm  ice), 
final  disappearance  of  C02  clathrate  (Tm 
clathrate),  dissolution  or  melting  of 
crystalline  solids  (Tm  dms),  liquid-va- 
por homogenization  (Th  1-v),  and  inclu- 
sion decrepitation  (Td).  Electron  images 
and  qualitative  analyses  of  contained 
crystalline  phases  were  obtained  on  a 
JEOL-35  scanning  electron  microscope 
with  a  Tracor-Northern  1700  energy- 
dispersive  analyzer  at  the  Geophysical 
Laboratory. 

Three  types  of  fluid  inclusions  were 
recognized:  (I)  presumably  primary  (P) 
and  pseudosecondary  (PS)  inclusions 
containing  (at  25°C)  H20-rich  liquid  and 
vapor  and  (in  most  inclusions)  a  com- 
plex assemblage  of  crystalline  phases, 
(II)  inclusions  similar  to  type  I  but  also 
containing  small  amounts  of  liquid  C02 


*Any  use  of  trade  names  in  this  report  is  for  de- 
scriptive purposes  only  and  does  not  constitute 
endorsement  by  the  U.S.  Geological  Survey. 


TABLE  16.  Calibration  Data  for  Linkam 
TH-600  Stage 


Standard       Tm,  °C      Tm(obs)(cr),  °C 


AT 


n-Dodecane  -9.6  -9.7(2)  +0.1 

Merck  SK-180  + 180.0  +177.6(2)  +2.4 

NaNO,  +306.8  +302(0)  +4.8 


at  25°C,  and  (III)  secondary  (S)  liquid- 
vapor  inclusions  along  cross-cutting 
fractures.  All  three  types  of  inclusions 
are  present  in  each  of  the  spodumene 
samples  that  were  studied.  Microther- 
mometric data  for  all  types  of  inclusions 
are  summarized  in  Table  17.  Except 
where  indicated,  the  following  inclu- 
sion data  refer  to  type-I  inclusions.  Type- 
I  inclusions  occur  in  dense  three-di- 
mensional clusters  (P),  as  isolated  in- 
dividuals (P),  in  planar  clusters  that  are 
subparallel  to  [001]  in  spodumene  (PS?), 
and  rarely  along  cross-cutting  fractures 
(PS)  (Fig.  41).  Crystal-rich  and  crystal- 
poor  inclusions  are  intimately  associ- 
ated, and  a  continuum  appears  to  exist 
from  inclusions  that  contain  —80  vol  % 
solids  to  inclusions  with  ~  10  vol  %  crys- 
tals; there  appears  to  be  a  gap  between 
inclusions  with  —10  vol  %  solids  and 
those  with  no  crystals  at  all.  Crystal- 
rich  inclusions  (most  -120  x  40  x  20 
|xm  in  dimension)  are  consistently  larger 
than  crystal-poor  or  crystal-free  inclu- 
sions (most  —30  x  10  x  5  (xm  in  di- 
mension). Most  crystal-rich  inclusions 
contain  one  large,  highly  birefringent 
anisotropic  grain  (some  with  hexagonal 
or  rhombohedral  morphology),  at  least 
one  large,  anhedral  isotropic  grain,  and 
sprays  of  tabular  anisotropic  crystals 
with  low  birefringence  (Fig.  42).  Some 
inclusions  contain  only  one  grain  (usu- 
ally anisotropic).  Qualitative  energy- 
dispersive  analyses  (by  EDS)  of  ap- 
proximately 50  grains  within  twelve 
opened  inclusions  indicate  that  most  in- 
cluded solids  are  silica  and  alkali  alu- 
minosilicates  (Fig.  43).  Minor 
components  include  K,  Ca,  Mg,  S,  and 
CI  that  may  be  sulfates  and  chlorides 
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TABLE  17.  Summary  of  Microthermometric  Run  Data  for  Inclusions  in  Spodumene,  °C 

Inclusion  Type 


I 


II 


III 


Approximate  ck  of  all  inclusions 

Te 

Tm  ice  (cr) 

Tm  clathrate 

Th  1-v  (o-) 

Td 


95  4 

-49  to  -45  [22]*    -46  [1] 
-4.9(1.9)122]  -8.2  [1] 

-1.7  11] 
+  260(15)142]  +287  111 

+  290  to  +350  [25] 


+  165  to  +185  [25] 


^Values  in  brackets  are  number  observed. 


that  precipitated  on  crystal  surfaces 
upon  opening  the  inclusions.  Two  in- 
clusions contained  a  trigonal  (?)  crystal 
composed  only  of  elements  lighter  than 
Na;  this  crystal  may  be  a  Li-  or  Be- 
carbonate  or  borate  (  ±  F,  OH,  or  H20). 
Quartz  appears  to  be  abundant.  The 
predominant  alkali  aluminosilicates 
appear  to  be  albite,  Cs-analcime,  and 
pollucite.  Another  aluminosilicate 
present  in  most  inclusions  contains  (by 
EDS)  roughly  equimolar  proportions  of 
Al  and  Si  only;  Li-  or  Be-aluminosili- 
cates  such  as  cookeite,  eucryptite,  and 
euclase  are  likely  candidates  for  these 
grains. 


Fig.  41.  Photomicrograph  in  crossed  polars  of 
a  doubly  polished  chip  (0.5  mm  thick)  of  coarse- 
grained spodumene  from  Tanco.  This  photograph 
illustrates  the  abundance,  distribution,  and  var- 
iations in  size  of  inclusions  that  were  examined 
in  this  study.  The  highly  birefringent  (white) 
grains  are  daughter  minerals  that  probably  cor- 
respond to  a  Li-  or  Be-carbonate  or  -borate  that 
was  recognized  in  opened  inclusions. 


The  apparent  absence  of  solid  alkali 
halides  (or  other  highly  soluble  com- 
pounds) was  confirmed  by  freezing 
measurements.  The  observed  Te  and  Tm 
ice  (Table  17)  are  indicative  of  low-sa- 
linity fluids  that  probably  contain  di- 
valent metal  chlorides.  The  ubiquitous 
presence  of  Ca  and  CI  (as  determined 
by  EDS)  on  crystal  surfaces  in  and  near 
the  inclusions  suggests  that  CaCl2  is  an 
important  component  of  the  aqueous 
fluid;  however,  the  apparent  absence  of 
Na  in  the  EDS  analyses  does  not  pre- 
clude the  possibility  that  small  amounts 
of  NaCl  (and  LiCl?)  are  also  present  in 
the  aqueous  solution.  If  the  CaCl2-H20 
system  is  used  as  a  model  (Te  =  -  49.8°C 
at  1  bar;  Crawford,  1981),  the  solutions 
contain  4.1  ±  1.0  equivalent  wt  %  CaCl2 
(or  2.2  ±  0.5  wt  %  NaCl  on  an  equi- 
molar basis). 


I  e  I  t  b 


Fig.  42.  Photomicrograph  (in  plane-polarized 
light  at  25°C)  of  a  type-I  inclusion.  The  inclusion 
contains  (a)  H20-rich  liquid,  (6)  H20  vapor,  (c)  a 
highly  birefringent,  possibly  trigonal  daughter 
crystal,  (d)  a  spray  of  tabular  crystals  with  low 
birefringence,  (d)  and  (e)  an  aggregate  of  appar- 
ently isotropic  and  anisotropic  grains. 
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Fig.  43.  SEM  photograph  of  a  crystal-rich  in- 
clusion in  spodumene.  This  inclusion  appears  to 
contain  (a)  quartz,  (b)  albite,  (c)  a  Li-  or  Be-alu- 
minosilicate  with  Al/Si  =  1  (possibly  cookeite, 
eucryptite,  or  euclase),  and  (d)  a  phase  that  con- 
sists entirely  of  elements  lighter  than  Na  (e.g.,  a 
Li-  or  Be-carbonate  or  -borate). 


The  solid  phases  in  the  inclusions 
showed  no  sign  of  melting  or  dissolution 
into  the  fluid  in  any  of  the  heating  runs 
(to  Td  ss  350°C)  on  the  Linkam  stage. 
Values  for  Tm  dms  in  type-I  and  type- 
II  inclusions  were  determined  by  seal- 
ing chips  of  spodumene  in  Pt  capsules 
that  were  run  in  conventional  cold-seal 
hydrothermal  bombs  at  PH20  =  2  kbar 
(to  prevent  decrepitation)  and  T  =  325°- 
500°C  (  ±  10°C)  for  5-24  hr.  Runs  were 
quenched  with  water  to  T  <  300°C  in 
approximately  5-10  sec.  Fifteen  such 
runs  revealed  that  all  solid  phases  in 
90—95%  of  the  inclusions  melt  to  a 
quenchable  glass  plus  an  aqueous  phase 
between  375°C  (solidus  or  start  of  so- 
lution) and  440°C  (liquidus  or  complete 
crystal-solution  homogenization)  (Fig. 
44).  Inclusions  that  still  contained  crys- 
tals also  contained  large  amounts  of 


Fig.  44.  Series  of  photomicrographs  of  a  type-I  inclusion  before  and  after  hydrothermal  runs.  Before 
runs  (A,  plane-polarized  light),  the  inclusion  contained  (at  25°C)  (a)  H20-rich  liquid,  (6)  H20  vapor, 
(c)  a  highly  birefringent  grain,  id)  a  large,  apparently  isotropic  grain,  and  (e)  a  spray  of  tabular 
anisotropic  crystals  with  low  birefringence.  After  quench  from  375°C  (B,  crossed  polars),  the  daughter 
minerals,  especially  the  birefringent  phase  (c),  show  evidence  of  melting  or  solution.  The  vapor  bubble 
(6)  is  constricted  by  a  small  amount  of  glass  (g)  that  lines  the  walls  of  the  inclusion.  After  quench 
from  420°C  (C,  crossed  polars),  the  highly  birefringent  phase  (c)  has  disappeared  completely,  most 
other  phases  show  evidence  of  appreciable  melting  or  solution,  and  the  vapor  bubble  (b)  is  highly 
distorted  by  large  amounts  of  glass  (g)  along  the  walls  of  the  inclusion.  After  quench  from  450°C  (D, 
crossed  polars),  the  solid  contents  of  the  inclusion  appear  to  have  melted  or  dissolved  completely,  and 
the  glass  (g)  appears  to  have  begun  to  coalesce  into  a  bead. 
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glass.  The  determination  of  Tm  dms  in 
this  manner  does  not  indicate  whether 
a  single  fluid  phase  exists  in  these  in- 
clusions above  ~440°C  or  if  two  fluids 
(H20-rich  fluid  and  hydrous  silicate 
melt)  form. 

The  observed  Tm  dms  (375°-440°C) 
over  which  these  included  crystals  melt 
(or  dissolve?)  represents  a  very  low 
melting  range  for  what  appears  to  be 
essentially  an  alkali  aluminosilicate 
assemblage.  On  the  basis  of  the  quali- 
tative analyses,  it  appears  that  the 
composition  of  these  inclusions  can  be 
approximated  by  the  system  LiAlSi04- 
NaAlSi308-CsAlSi206(pollucite)-Si02- 
H20  plus  the  unidentified  carbonate  or 
borate  (plus  minor  amounts  of  CaCl2 
and  other  solutes  in  the  aqueous  phase). 
The  observed  Tm  dms  over  a  narrow 
range  of  temperatures  may  represent 
melting  of  a  near-eutectic  composition 
in  this  system.  It  is  unlikely  that  the 
addition  of  Cs  alone  could  drop  the  min- 
imum melting  temperature  almost 
200°C  below  the  eutectic  (640°C  atPH.,0 
=  2  kbar)  in  the  system  LiAlSi04-Na 
AlSi308-Si02-H20  (Stewart,  1978),  but 
the  addition  of  several  weight  percent 
of  an  Li-  or  Be-carbonate  or  borate  (if 
such  phases  are  present  in  most  inclu- 
sions) would  further  reduce  melting 
temperatures  in  the  proposed  system. 

On  the  basis  of  this  preliminary  study, 
it  appears  that  these  inclusions  may 
have  formed  by  (1)  entrapment  of  a  ho- 
mogeneous hydrous  silicate  fluid  or  (2) 
entrapment  of  an  immiscible  silicate 
liquid  and  an  H20-rich  fluid.  It  appears 
unlikely  that  the  crystalline  phases 
within  the  inclusions  represent  acci- 
dentally trapped  solids.  If  a  single  phase 
was  trapped,  then  the  gross  differences 
between  crystal-rich  and  crystal-poor 
inclusions  could  be  explained  by  exten- 
sive necking  down  after  most  daughter 
phases  had  crystallized  but  before  sep- 
aration of  a  vapor  phase  (i.e.,  between 
260°  and  375°C).  If  two  immiscible  fluids 
were  trapped,  then  the  daughter  crys- 
tals probably  would  represent  the  crys- 
tallization of  the  silicate  melt  phase. 


The  variable  amounts  of  daughter  crys- 
tals would  reflect  entrapment  of  vari- 
able amounts  of  a  silicate  phase  from 
an  emulsion  of  silicate  melt  dispersed 
in  the  aqueous  fluid.  Differences  in  the 
wetting  characteristics  of  aqueous  and 
silicate  fluids  might  also  have  produced 
the  observed  differences  in  size  of  crys- 
tal-rich and  crystal-poor  inclusions. 

If  the  H20-rich  fluid  at  the  time  of 
entrapment  can  be  modeled  by  a  solu- 
tion containing  2.2  ±  0.5  wt  %  NaCl 
(equivalent  to  4.1  ±  1.0  wt  %  CaCl2  on 
an  equimolar  basis),  then  the  fluid  was 
entrapped  at  some  P  and  T  along  an 
isochore  that  originates  at  260(  15)°C  on 
the  liquid-vapor  curve  for  H20  (  +  2  wt 
%  NaCl)  and  has  a  slope  of  —12  bars/ 
°C  (from  Fig.  4  of  Roedder  and  Bodnar, 
1980).  This  isochore  is  represented  in 
Fig.  45  as  a  band  30°C  (2o- )  wide.  Notice 
in  Fig.  45  that  the  interval  of  melting 
(Tm  dms)  of  the  solid  phases  has  been 
extrapolated  along  this  same  isochore. 
This  extrapolation  is  valid  if  the  solid 
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Fig.  45.  P-T  diagram  showing  the  location  of 
the  apparent  isochore  for  the  aqueous  phase  of 
primary  and  pseudosecondary  inclusions  in  Tanco 
spodumene  relative  to  the  experimentally  deter- 
mined lithium  aluminosilicate  phase  diagram, 
revised  from  London  (Year Book  80)  on  the  basis 
of  recent  runs.  The  isochore  (dotted  lines)  is  rep- 
resented by  a  band  30°C  (2ct)  wide.  The  dashed 
parallelogram  represents  the  interval  of  Tm  dms 
from  375°C  (solidus  or  start  of  solution)  to  440°C 
(liquidus  or  complete  solution  homogenization), 
as  extrapolated  along  this  isochore. 
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phases  melt  to  an  immiscible  silicate 
fluid  without  reaction  with  the  aqueous 
fluid.  The  extrapolation  also  may  not 
be  valid  if  the  solids  and  aqueous  so- 
lution homogenize  to  a  single  phase  at 
high  P  and  T,  unless  the  values  of  dVI 
dT  and  dV/dP  for  the  hydrous  silicate 
fluid  are  essentially  the  same  as  those 
for  H20-NaCl  solutions  in  this  P-T  re- 
gion. Isochores  for  pure  H20  and  rela- 
tively dense  solutions  (containing  10  and 
25  wt  %  NaCl)  are  nearly  parallel  in 
this  P-T  region  (Roedder  and  Bodnar, 
1980,  Fig.  4).  If  the  extrapolated  iso- 
chore  in  Fig.  45  is  valid,  then  the  in- 
clusions formed  at  T  2*  440°C  and  P  5= 
2100  bars.  The  extrapolated  isochore 
intersects  the  experimentally  deter- 
mined univariant  reaction  spodumene 
+  2  quartz  -  petalite  (London,  Year 
Book  80)  at  approximately  455°  ±  15°C 
and  2350  ±  200  bars  (slightly  above  the 
minimum  P  and  T  for  entrapment  of 
inclusions).  At  Tanco,  therefore,  it  ap- 
pears that  spodumene  succeeded  pet- 
alite as  the  stable  primary  lithium 
aluminosilicate  at  approximately  455°- 
475°C  and  2400-2900  bars,  and  that 
pseudomorphic  replacement  of  petalite 
by  spodumene  +  quartz  occurred  con- 
temporaneously (petalite  may  have 
persisted  metastably  <30°C  into  the 
stability  field  of  spodumene  +  quartz). 
The  inclusions  in  spodumene  from 
Tanco  are  complex  but  probably  are  not 
unique.  For  example,  Bazarov  (1975)  has 
reported  properties  for  inclusions  in 
spodumene  from  five  pegmatite  prov- 
inces in  the  USSR  that  are  similar  to 
those  observed  in  Tanco  material.  In- 
clusions such  as  these  may  contain  ev- 


idence for  the  existence  of  exotic  silicate 
magmas  at  low  temperatures  (<500°C) 
in  rare-metal  pegmatites.  These  inclu- 
sions also  may  help  to  define  the  prop- 
erties of  fluids  at  the  transition  from 
dominantly  magmatic  to  dominantly 
hydrothermal  conditions  in  complex 
pegmatites  such  as  Tanco. 
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STRUCTURE   OF  LIQUIDS  AND  GLASSES 


The  Nature  of  Basic  Cation 

Coordination  in  Silicate  Glass: 

Evidence  from  MOssbauer 

Spectroscopy 

P.  A.  Danckwerth 

In  silicate  glasses,  57Fe  Mossbauer 
absorption  peaks  are  broadened  rela- 
tive to  those  in  crystalline  silicates  or 
metal.  Glasses  in  which  the  iron  is  com- 
pletely trivalent  and  presumed  to  be  te- 
trahedrally  coordinated  show  nearly 
symmetric  absorption  bands,  whereas 
those  glasses  with  only  divalent  iron 
show  bands  with  a  strong  asymmetry. 
In  the  latter  case,  the  low-velocity  com- 
ponent of  such  a  doublet  shows  an  in- 
creased amplitude  and  narrower  line- 
width  than  its  high-velocity  comple- 
ment. 

In  a  glass  containing  only  tetrahed- 
rally  coordinated  ferric  iron,  the  ge- 
ometry of  individual  tetrahedra  will  vary 
from  site  to  site.  This  variation  is  a  re- 
sult of  random  second-nearest-neighbor 
effects  in  the  disordered  solid.  Thus,  the 
variability  of  the  Fe-cation  environ- 
ment results  in  a  distribution  of  tetra- 
hedral  geometries.  An  individual 
tetrahedron  will  deviate  from  the  av- 
erage tetrahedron  with  respect  to  both 
bond  length  and  degree  of  distortion. 
Mossbauer  spectra  of  such  solids  can  be 
interpreted  as  consisting  of  a  distribu- 
tion of  elementary  doublets,  each  of 
which  is  characterized  by  a  set  of  unique 
hyperfine  parameters.  Such  a  model  has 
long  been  used  to  characterize  disor- 
dered magnetic  solids  (e.g.,  Keller,  1981; 
Le  Caer  and  Dubois,  1979;  Hesse  and 
Rubartsch,  1974;  Window,  1971;  Man- 
gin  et  al.,  1976).  Recently  Wivel  and 
Morup  (1981)  have  suggested  that  the 
asymmetry  exhibited  by  ferrous  spec- 
tra is  the  result  of  such  a  distribution 
wherein  the  isomer  shifts  and  quad- 
rupole  splittings  are  linearly  corre- 
lated. Such  a  correlation  has  been 
recognized    in    crystal-chemically    re- 


lated solids  (e.g.,  Garg  and  Garg,  1976, 
for  a  summary  of  data).  The  present  work 
is  an  experimental  test  of  these  hy- 
potheses and  seeks  to  establish  the  form 
of  the  functional  relationship  between 
isomer  shift  and  quadrupole  splitting 
without  prior  assumptions. 

Mossbauer  spectra  were  recorded  at 
room  temperature  for  glasses  in  the 
system  Na20-Si02-Fe-0.  Figure  46 
shows  the  spectrum  obtained  on  a  glass 
with  Na:Fe:Si  =  1:1:2  equilibrated  at 
1550°C  and  logp02  =  -  9.  The  raw  data 
indicate  that  virtually  all  (>99%)  of  the 
iron  in  the  sample  is  in  the  divalent 
state.  The  least-squares  fit  shown  in  Fig. 
46  consists  of  two  Lorentzian  lines.  The 
distribution  model  was  tested  by  fitting 
the  spectrum  with  sets  of  elementary 


o  2 

Velocity,  mm/sec 

Fig.  46.  Absorption  envelope  and  observed  re- 
siduals of  glass  composition  0.5Na2O:FeO:2SiO2. 
Least-squares  fit  based  on  pure  Lorentzian  line- 
shape.  Width  of  low-velocity  peak,  ~  0.75  mm/ 
sec.  Width  of  high-velocity  peak,  ~  0.86  mm/sec. 


GEOPHYSICAL     LABORATORY 


341 


doublets  whose  line-widths  are  equal  to 
those  obtained  for  thin  Fe  foil  with  a 
57Co  in  Pd  point-source  (0.3  mm/sec). 
Each  elementary  doublet  is  thus  char- 
acterized by  three  variables — a  quad- 
rupole  splitting,  an  isomer  shift,  and  an 
amplitude.  For  completeness,  "smear- 
ing" of  a  Lorentzian  line-shape  by  a 
Gaussian  component  has  been  consid- 
ered (cf.  Dowty  and  Lindsley,  1973).  An 
approximate  25%  decrease  in  the  ob- 
served residuals  is  obtained  when  the 
peak  has  40-70%  of  a  Gaussian  com- 
ponent. These  fits  are  characterized  by 
eight  independent  variables — two  line- 
widths,  two  amplitudes,  two  positions, 
a  factor  representing  the  percentage  of 
the  Gaussian  component,  and  a  value 
for  the  background. 

Observed  residuals  of  computer  fits 
to  these  models  are  summarized  in  Fig. 
47.  At  least  four  or  five  elementary 
doublets  are  required  to  decrease  the 
observed  residuals  for  the  distribution 
model  within  the  range  obtained  for  the 


1000 


800 


"    600- 


£    400  - 


200  - 


□ 

D 

D 
A  D      D     D     g 


50 

%  Goussion 


100 


0  456789     10 

No.  of  elementary  doublets 

Fig.  47.  Comparison  of  observed  residuals  for 
fits  to  data  in  Fig.  46  for  different  models.  Filled 
circles  are  for  mixed  Lorentzian-Gaussian  line- 
shapes.  Open  squares  are  for  four  to  ten  pure 
Lorentzian  lines  with  width  =  0.3  mm/sec.  Bars 
show  the  1-99  percentage  points  in  the  chi-square 
distribution  (Law,  1973)  for  four  and  ten  uncon- 
strained Lorentzian  lines,  respectively. 


Lorentz-Gaussian  fits,  a  natural  con- 
sequence of  the  constraint  that  the  el- 
ementary doublets  retain  line-widths 
close  to  the  natural  line-widths  for  Fe 
foil.  Fewer  than  four  doublets  with  F  = 
0.3  mm/sec  will  not  fill  the  absorption 
envelope.  When  ten  or  more  doublets 
are  fitted  to  the  spectrum,  both  the  cor- 
relation function  and  the  intensity  dis- 
tribution tend  to  show  oscillatory 
behavior.  A  smoothing  parameter  must 
then  be  used  in  the  least-squares  anal- 
ysis (Danckwerth  and  Virgo,  this  Re- 
port). 

Statistical  evaluation  of  least-squares- 
fitting  techniques  must  be  approached 
with  caution.  Law  (1973)  provides  a 
concise  summary  of  evaluating  spectral 
fits  by  statistical  parameters.  On  the 
basis  of  observed  residuals,  it  can  be 
seen  that  the  Lorentz-Gaussian  lines 
exceed  the  99%  point  of  the  chi-square 
distribution  by  a  factor  of  2-3.  For  the 
distribution-model  fits,  the  observed  re- 
siduals come  within  1.15  of  the  99% 
point.  This  improvement  is  not  a  nat- 
ural consequence  of  increasing  the 
number  of  Lorentzian  lines.  The  mag- 
nitude of  the  observed  residuals  indi- 
cates systematic  errors  in  the  model, 
which  may  include  nonlinearity  of  the 
Mossbauer  drive  and  small  amounts  of 
ferric  iron  in  the  sample.  Random  con- 
tributions such  as  Gaussian  "smear- 
ing" of  the  elementary  doublets  cannot 
at  present  be  discounted.  Whereas  such 
statistical  evaluations  do  not  a  priori 
discriminate  between  models,  it  is  clear 
that  the  distribution  of  elementary 
doublets  provides  a  much  better  de- 
scription of  the  absorption  envelope. 

Quadrupole  splittings,  isomer  shifts, 
and  weights  of  the  distribution  model 
are  shown  for  five,  seven,  and  eight  el- 
ementary doublets  in  Fig.  48.*  Some 

*Isomer  shift  is  the  average  velocity  of  com- 
ponent peaks  in  a  doublet.  IS  =  (u7  -I-  y2)/2.  It  is 
a  measure  of  the  s-electron  density  at  the  57Fe 
nucleus.  Quadrupole  splitting  is  the  velocity  (i.e., 
energy)  separation  between  two  peaks  in  a  doub- 
let. QS  =  v2  -  v,.  It  is  a  measure  of  the  electric- 
field  gradient  at  the  57Fe  nucleus. 
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Fig.  48.  Generated  correlation  of  quadrupole 
splitting  and  isomer  shift  (relative  to  source).  Open 
circles,  five  lines;  open  squares,  seven  lines;  filled 
circles,  eight  lines. 

surprising  features  are  evident  from  this 
diagram.  First,  for  all  fits  of  five  to  eight 
doublets,  the  correlation  between  iso- 
mer shift  and  quadrupole  splitting  is 
linear.  This  correlation  confirms  the 
suggestion  advanced  by  Wivel  and  Mo- 
rup  (1981)  that  an  average  correlation 
exists  between  isomer  shift  and  quad- 
rupole splitting;  and,  in  fact,  this  cor- 
relation is  linear.  As  previously 
mentioned,  this  result  is  also  obtained 
in  crystal-chemically  similar  com- 
pounds. Moreover,  the  correlation  is  the 
same  for  each  of  the  fits,  regardless  of 
the  number  of  doublets.  The  intensity 
distributions  are  also,  to  a  first  approx- 
imation, identical  and  are  best  de- 
scribed by  asymmetric  Gaussian 
distributions  with  a  skewness  toward 
lower  values  of  quadrupole  splitting  and 
isomer  shifts. 

This  procedure  has  been  used  to  ana- 
lyze glass  compositions  that  contain 
>99%  ferric  iron.  Results  are  the  same 
as  those  for  the  ferrous  glasses  except 
that  the  slope  of  the  correlation  line  is 
near  zero,  a  natural  consequence  of  the 
symmetry  of  the  ferric  absorption  en- 
velope. 

It  is  concluded  that  variations  in  site 
geometries  represented  by  a  distribu- 
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tion  of  elementary  doublets  is  the  pre- 
ferred model  to  interpret  Mossbauer 
spectra  of  silicate  glasses,  as  estab- 
lished for  other  types  of  disordered  sol- 
ids, and  statistically  superior  results  are 
obtained.  The  line-widths  of  Mossbauer 
absorption  bands  are  fundamentally 
governed  by  the  Uncertainty  Principle, 
and  the  present  model  does  not  appeal 
to  ad  hoc  reasoning  to  explain  the  gross 
broadening  of  absorption  peaks. 


References 

Dowty,  E.,  and  D.  H.  Lindsley,  Mossbauer  spectra 
of  synthetic  hedenbergite-ferrosilite  pyrox- 
enes, Amer.  Mineral.,  58,  850-868,  1973. 

Garg,  R.,  and  V.  K.  Garg,  On  the  quadrupole 
splitting-isomer  shift  linear  correlationship  and 
the  sign  of  electric  field  gradient,  J.  Phvs.  Sta- 
tus Solidi,  B77,  165-170,  1976. 

Hesse,  J.,  and  A.  Rubartsch,  Model  independent 
evaluation  of  overlapped  Mossbauer  spectra,  J. 
Phys.  E:  Sci.  Instrum.,  7,  526-532,  1974. 

Keller,  H.,  Evaluation  of  hyperfine  field  distri- 
butions from  Mossbauer  spectra  using  Win- 
dow's Fourier  method,  J.  Appl.  Phvs.,  58,  5268- 
5273,  1981. 

Law,  A.  D.,  Critical  evaluation  of  "statistical  best 
fits"  to  Mossbauer  spectra,  Amer.  Mineral.,  58, 
128-131,  1973. 

Le  Caer,  G.,  and  J.  M.  Dubois,  Evaluation  of  hy- 
perfine parameter  distributions  from  over- 
lapped Mossbauer  spectra,  J.  Phys.  E:  Sci. 
Instrum.,  12,  1083-1090,  1979. 

Mangin,  P.,  G.  Marchal,  M.  Piecuch,  and  C.  Janot, 
Mossbauer  study  of  magnetic  ordering  in  amor- 
phous Fe-Si  alloys,  J.  Phys.  E:  Sci.  Instrum., 
9,  1101-1105,  1976. 

Window,  B.,  Hyperfine  field  distributions  from 
Mossbauer  spectra,  J.  Phys.  E:  Sci.  Instrum., 
4,  401-402,  1971. 

Wivel,  C,  and  S.  Morup,  Improved  computational 
procedure  for  evaluation  of  overlapping  hyper- 
fine parameter  distributions  in  Mossbauer 
spectra,  J.  Phvs.  E:  Sci.  Instrum.,  14,  605-610, 
1981. 


Structural  State  of  Fe  in  the 
System  Na20-Si02-Fe-0 

P.  A.  Danckwerth  and  D.  Virgo 

Analysis  of  the  structural  state  of  iron 
in  amorphous  materials  is  more  com- 
plex than  the  corresponding  analysis  in 
solids  where  the  distribution  of  sites  is 
independently  attainable.  Most  Moss- 
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bauer  spectra  of  glassy  materials  have 
been  analyzed  with  techniques  adapted 
from  methods  used  for  crystalline  ma- 
terials, and  in  many  systems  this  ap- 
proach is  inadequate.  The  principal 
stumbling  blocks  include  (1)  gross  in- 
crease in  line  widths,  (2)  asymmetry  in 
line  shape  (especially  for  ferrous  iron), 
and  (3)  significant  overestimation  of 
absorption  in  the  tails  of  the  resonance 
envelope. 

Danckwerth  (this  Report)  has  exper- 
imentally shown  that  for  pure  ferric- 
and  ferrous-bearing  glasses,  the  Moss- 
bauer  spectra  are  best  described  by  a 
distribution  of  elementary  doublets 
whose  isomer-shift  and  quadrupole- 
splitting  parameters  are  linearly  re- 
lated. Distributions  of  magnetic  hyper- 
fine  parameters  have  been  used  to 
describe  the  Mossbauer  resonance  ef- 
fect in  disordered  magnetic  solids  by 
numerous  investigators.  Such  an  ap- 
proach is  not  wholly  satisfactory  for  sil- 
icate glasses  because  the  absorption 
peaks  are  broadened  and  overlap  to  an 
appreciable  extent.  Wivel  and  Morup 


(1981)  have  suggested  a  method  em- 
ploying Lagrangian  multipliers  that 
improves  the  computational  procedure 
originally  proposed  by  Phillips  (1962) 
for  such  distributions. 

A  computer  algorithm  modified  from 
the  procedure  described  by  Wivel  and 
Morup  (1981)  has  been  written  for  re- 
duction of  Mossbauer  spectra  of  glasses. 
The  iteration  procedure  is  adapted  from 
the  variable  metric  minimization 
method  of  Davidson  (1959)  and  has  been 
additionally  modified  to  constrain  all 
intensities  to  positive  values. 

One  such  fit  for  a  glass  sample  in  the 
system  Na20-Si02-Fe-0  is  shown  in  Fig. 
49.  The  generated  doublets  show  the 
same  symmetry  as  that  independently 
found  for  pure  ferric  and  pure  ferrous 
spectra.  That  is,  the  ferric  doublets  are 
approximately  symmetric  whereas  the 
ferrous  doublet  displays  asymmetry, 
which  results  in  differential  broaden- 
ing of  the  high-  and  low- velocity  bands. 

The  Fe3  +  /SFe  along  the  composition 
join  Na20-Si02  (with  added  Fe)  are  vir- 
tually indistinguishable  from  those 
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Fig.  49.  Model  fit  to  Mossbauer  data  from  a  sodium  disilicate  glass  with  5  wt  %  iron  (as  Fe203). 
Lower  right,  intensity  distribution  for  ferrous  iron;  upper  right,  intensity  distribution  for  ferric  iron. 
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previously  reported  (Virgo  et  al.,  Year 
Book  80,  308).  Isomer  shifts  are  all 
within  the  range  0.22-0.28  mm/sec, 
consistent  with  the  interpretation  that 
ferric  iron  is  in  tetrahedral  coordina- 
tion. These  values  are  slightly  lower 
than  those  previously  calculated  from 
the  same  data  and  are  a  result  of  the 
low-velocity  component  of  the  ferric 
doublet  being  placed  slightly  to  the  out- 
side of  the  ferrous  doublet.  Earlier  fits 
to  these  data  were  done  with  three  in- 
dependent Lorentzian  lines,  where  the 
areas  of  the  resolved  high- velocity  com- 
ponents do  not,  in  general,  equal  the 
area  of  the  unresolved  components.  In 
such  fits,  therefore,  the  ferric-ferrous 
ratio  is  an  average  of  two  numbers,  an 
ambiguity  removed  in  the  present  model. 
In  light  of  the  excellent  agreement  in 
ferric-ferrous  ratios  between  the  two 
methods  of  deconvolution,  it  is  con- 
cluded that  the  three-line  Lorentzian 
fits  do  not  introduce  significant  dis- 
crepancies in  either  the  numerical  de- 
scription of  the  absorption  envelope  or 
the  interpretation  of  the  derived  data. 

References 

Davidson,  W.  C,  Variable  metric  method  for  min- 
imization, Argonne  National  Laboratory,  ANL 
5990,  1959. 

Phillips,  D.  L.,  A  technique  for  the  numerical 
solution  of  certain  integral  equations  of  the  first 
kind,  J.  Assn.  Comput.  Mach.,  9,  84-97,  1962. 

Wivel,  C,  and  S.  Morup,  Improved  computational 
procedure  for  evaluation  of  overlapping  hyper- 
fine  parameter  distributions  in  Mossbauer 
spectra,  J.  Phys.  E:  Sci.  Instrum.,  14,  605-610, 
1981. 


The  Structural  State  of  Fe  in 

Alkaline  vs.  Alkaline-Earth 

Silicate  Systems 

P.  A.  Danckwerth,  D.  Virgo,  and  B.  O.  Mysen 

It  is  important  to  understand  the 
compositional  dependence  of  ferric-fer- 
rous ratios  in  silicate  melts,  not  only 
for  its  value  in  problems  of  pedogene- 
sis, but  also  in  the  broader  context  of 
unraveling  aspects  of  the  structures  of 


silicate  melts.  Whereas  ferrous  iron  does 
not  generally  substitute  for  Si  (or  AD 
in  silicate  polymeric  units,  ferric  iron 
may  substitute  to  a  considerable  ex- 
tent. The  primary  goal  in  understand- 
ing the  compositional  dependence  of 
ferric-ferrous  ratios  then  reduces  to  un- 
derstanding the  partitioning,  if  any,  of 
ferric  iron  between  tetrahedral  and 
nontetrahedral  coordination  polyhe- 
dra.  Subsidiary  problems  to  be  solved 
include  the  partitioning  of  iron  species 
between  various  anionic  units  and  the 
variation  in  topology  of  network-mod- 
ifying sites. 

Many  of  the  analytical  data  on  this 
subject  derive  from  57Fe  Mossbauer 
spectroscopy  of  quenched  glasses.  Sei- 
fert  et  al.  {Year  Book  78,  511-519)  in- 
terpreted Mossbauer  data  to  indicate 
that  virtually  all  ferric  iron  is  tetra- 
hedrally  coordinated  in  glasses  in  the 
system  Na4Si206-NaFeSi206.  The  low- 
velocity  component  of  these  spectra 

changes  from 0.27  to 0.13  mm/ 

sec  as  Fe3  +  /Fe2+  is  reduced.  This  dif- 
ference in  isomer  shift  is  small  com- 
pared with  the  line-width  that  was 
deduced  from  the  least-squares  fit; 
therefore,  three  lines  were  used  to  char- 
acterize the  Mossbauer  spectrum.  This 
fitting  procedure  introduces  a  bias  in 
the  calculation  of  the  hyperfine  param- 
eters, isomer  shift,  and  quadrupole 
splitting.  Such  errors,  however,  do  not 
affect  the  assignment  of  the  coordina- 
tion of  ferric  iron  inasmuch  as  all  val- 
ues of  the  isomer  shift  are  within  the 
range  found  for  tetrahedral  coordina- 
tion. 

In  constrast  to  this  Na-bearing  sys- 
tem, glasses  with  alkaline-earth  cat- 
ions as  the  major  basic  oxide  have 
topologically  distinct  Mossbauer  spec- 
tra. The  addition  of  aluminum  to 
(Ca,Mg)0-Si02-Fe-0  systems  results  in 
a  shoulder  on  the  low-velocity  compo- 
nent (cf.  Neumann  et  al.,  this  Report; 
Seifert  et  al.,  this  Report).  In  these  sys- 
tems at  least  four  lines  must  be  fitted; 
superposition  of  low-velocity  peaks  is 
clearly  not  applicable. 
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With  this  in  mind,  spectra  along  the 
join  sodium  disilicate-calcium  disili- 
cate  with  5%  added  Fe203  were  refitted 
according  to  the  principles  and  tech- 
niques outlined  by  Danckwerth  (this 
Report)  and  Danckwerth  and  Virgo  (this 
Report).  A  typical  spectrum  is  shown  in 
Fig.  50,  and  the  derived  parameters  are 
given  in  Table  18.  The  topology  of  fitted 
doublets  is  the  same  for  all  samples.  In 
the  refinement  the  low-velocity  ferric 
component  occurs  at  a  lower  velocity 
than  the  corresponding  line  of  the  fer- 
rous doublet.  The  relationship  between 
the  isomer  shift  and  quadrupole  split- 
ting is  greater  for  both  the  ferrous  and 
ferric  doublets  and  is  similar  to  that 
found  by  Danckwerth  (this  Report)  for 
pure  ferrous-  and  pure  ferric-bearing 
silicate  glasses.  An  additional  set  of 
computer  fits  was  generated  based  upon 
Lorentzian  lines,  which  were  con- 
strained according  to  the  principles  de- 
rived from  the  distribution  model  of 


elementary  doublets;  namely,  that  the 
areas  of  each  component  in  the  doublet 
are  equal  and  the  line-widths  of  the  fer- 
ric doublet  are  equal  (Table  18).  Al- 
though these  fits  yield  greater  observed 
residuals  than  the  distribution  model, 
the  isomer  shifts  are  virtually  identical 
and  the  ferric-ferrous  ratios  show  the 
same  trend,  although  they  are  modestly 
higher.  For  comparison,  derived  pa- 
rameters for  three-line  Lorentzian  fits 
are  also  included  in  Table  18.  Because 
the  sum  of  the  high-velocity  compo- 
nents does  not  equal  the  area  of  the  low- 
velocity  component,  two  ferric-ferrous 
ratios  are  calculated. 

The  trends  in  Mossbauer  parameters 
are  the  same  for  all  fitting  techniques 
(Table  18);  however,  the  absolute  val- 
ues differ.  The  ferric-ferrous  ratio  de- 
creases continuously  from  the  Na  end 
member  to  the  Ca  end  member.  Isomer 
shifts  are  constant  from  the  Na  end 
member  to  the  50%  composition  and  then 
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Fig.  50.  Mossbauer  spectrum  of  75  mol  %  Na2Si205:25  mol  %  CaSi205  with  5  wt  %  added  Fe203. 
Left,  computer  fit  and  observed  residuals  for  a  distribution  of  elementary  doublets;  lower  right, 
weights  of  elementary  doublets  for  ferrous  iron;  upper  right,  weights  of  elementary  doublets  for  ferric 
iron. 
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TABLE  18.  Derived  Mossbauer  Parameters  from  Three  Methods  of  Least-Squares  Fitting 


Elementary  Doublets 


Four  Constrained 
Lorentzian  Lines 


Three  Unconstrained 
Lorentzian  Lines 


Comp.* 

ISt 

Rot 

Fe3  +  /2Fe 

ISt 

R0t 

Fe3  +  /2Fe 

ISt 

R0t 

Fe3  + 

/IFe 

NS2 

0.08 

292 

0.79 

0.08 

428 

0.83 

0.09 

432 

0.91 

0.86 

25%  CS2 

0.07 

327 

0.77 

0.08 

452 

0.80 

0.09 

505 

0.90 

0.84 

50%  CS2 

0.09 

236 

0.74 

0.09 

418 

0.77 

0.10 

429 

0.87 

0.80 

75%  CS2 

0.11 

731 

0.70 

0.11 

873 

0.75 

0.14 

944 

0.79 

0.76 

CS2 

0.14 

228 

0.69 

0.14 

237 

0.72 

0.18 

248 

0.70 

0.72 

*NS2,  Na2Si205;  CS2,  CaSi205. 

tlsomer  shift  (mm/sec)  relative  to  source.  Add  0.18  for  IS  relative  to  Fe  metal. 

^Observed  residuals.  1(Y,  -  Y„)l  VY(1. 


increase.  Virgo  etal.  (Year Book  80,  308- 
311)  suggested  that  the  increase  in  the 
isomer  shift  from  Na  to  Ca  systems  re- 
flects an  increased  contribution  from 
octahedrally  coordinated  ferric  iron.  On 
the  other  hand,  Mysen  et  al.  {Year Book 
80,  311-313)  interpreted  these  same  data 
to  indicate  that  alkaline-earth  cations 
do  not  charge-balance  ferric  iron  in  te- 
trahedral  coordination  and  that  most 
ferric  iron  is  present  as  a  network  mod- 
ifier. The  present  results  strongly  in- 
dicate that  both  these  preliminary 
interpretations  are  inconsistent  with  the 
results  from  the  fitting  procedures  used 
in  this  report  and  that  much  of  the  fer- 
ric iron  is  in  tetrahedral  coordination. 
The  question  arises  how  octahedral 
ferric  iron  would  be  identified  a  poster- 
iori in  a  Mossbauer  spectrum  decon- 
volved according  to  the  principles  of 
the  distribution  model  of  elementary 
doublets.  One  might  expect  that  the  fer- 
ric distribution  would  exhibit  bimodal- 
ity  of  the  hyperfine  parameters 
corresponding  to  octahedral  and  tetra- 
hedral coordination.  A  plot  of  the  cor- 
relation between  isomer  shift  and 
quadrupole  splitting  in  numerous  glass 
spectra  (Fig.  51)  can  be  used  to  show 
that  this  interpretation  is  not  correct. 
The  slope  and  intercept  for  network- 
modifying  ferrous  iron  are  greater  than 
those  for  ferric  iron  in  tetrahedral  co- 
ordination, which  has  a  slope  near  zero, 
a  consequence  of  the  geometrical  sym- 
metry of  the  doublet.  Average  popula- 
tions of  ferric  and  ferrous  distributions 


are  shown  by  circles.  If  ferric  iron  is 
present  in  octahedral  coordination,  one 
must  assume  that  it  has  a  unique  cor- 
relation as  shown  in  Fig.  51.  On  the 
basis  of  Mossbauer  data  on  crystals,  it 
is  known  that  such  a  distribution  will 
have  a  maximum  at  lower  values  of 
quadrupole  splitting  and  higher  values 
of  isomer  shift  than  tetrahedral  ferric 
iron,  and  lower  values  of  both  quad- 
rupole splitting  and  isomer  shift  corn- 


Fig.  51.  Correlations  of  isomer  shift  and  quad- 
rupole splitting  for  ferrous  iron  and  ferric  iron  in 
-tetrahedral  and  octahedral  coordination.  The  cor- 
relations for  Fe2  +  (VI)  and  Fe3  +  (IV)  are  those  de- 
termined experimentally  by  Danckwerth  (this 
Report).  Dashed  lines  are  the  correlations  ex- 
pected if  two  distributions  of  elementary  doublets 
were  fitted  to  the  spectrum. 
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pared  with  those  for  ferrous  iron. 
Therefore,  if  the  signature  of  octahed- 
rally  coordinated  ferric  iron  exists  in 
the  experimental  data,  the  algorithm 
will  seek  to  incorporate  that  distribu- 
tion as  indicated  by  either  of  the  dashed 
lines  in  Fig.  51.  Thus,  although  the  data 
might  then  exhibit  a  bimodal  distri- 
bution, the  correlations  between  isomer 
shift  and  quadrupole  splitting  would  be 
inherently  incorrect. 

It  is  concluded  that  great  care  must 
be  taken  when  deriving  structural  in- 
formation from  57Fe-resonance  data  on 
silicate  glasses.  The  question  of  the  pro- 
portion of  ferric  iron  in  network-modi- 
fying positions  is  not  yet  fully  resolved. 
Simplifying  assumptions  as  to  peak 
shape  and  peak  position  can  lead  to  er- 
roneous conclusions  regarding  the  co- 
ordinating environment  of  the  Fe3  + 
atoms.  Satisfactory  resolution  of  the 
problem  awaits  an  exhaustive  evalua- 
tion of  numerous  spectra  on  materials 
with  systematic  differences  in  compo- 
sition. 


The  Anionic  Structure  of  1-atm 
Melts  in  the  System  Si02-NaFe02 

D.  Virgo,  B.  O.  Mysen,  P.  Danckwerth, 
and  F.  Seifert 

The  structural  role  of  Fe2  +  and  Fe3  + 
in  silicate  melts  is  important  to  the  un- 
derstanding of  the  mechanism  of  redox 
equilibria  in  melts  and  thus  to  other 
physical  and  chemical  properties  of  the 
melts.  The  coordination  states  of  Fe2  + 
and  Fe3+  in  some  alkali  and  alkaline- 
earth  melts  have  been  postulated  on  the 
basis  of  57Fe  Mossbauer  data  (e.g.,  Sei- 
fert etal.,  Year  Book  78,  511-518;  Virgo 
et  al.,  Year  Book  80,  308-310).  Al- 
though there  is  general  agreement  in 
the  literature  (Dickinson  and  Hess,  1981; 
Fox  et  al.,  1982)  that  trivalent  iron  oc- 
curs as  a  network  former  in  alkali  melts, 
it  is  not  clear  whether  the  substitution 
of  ferric  iron  in  melts  occurs  as  disor- 
dered Si-O-Fe  linkages  or  possibly  as 
NaFe02  clusters.  The'speciation  of  fer- 


ric iron  in  melts  must  be  known,  how- 
ever, before  equilibria  between  Fe2  +  and 
Fe3+  and  the  anionic  structure  of  melts 
can  be  formulated.  Accordingly,  Raman 
spectroscopic  studies  of  highly  poly- 
merized melts  have  been  carried  out 
along  the  join  Si02-NaFe02. 

Homogeneous  glasses  were  prepared 
at  1  atm  by  melting  mixes  of  spectro- 
scopically  pure  oxides  at  temperatures 
of  1550°-1400°C  for  1  hr  and  quenching 
the  melts  in  air  (Table  19).  Raman  spec- 
tra were  taken  on  glass  chips  with  457- 
nm  radiation  from  an  Ar+  ion  laser  as 
the  excitation  source,  and  the  spectra 
were  collected  with  90°  scattering  ge- 
ometry. The  Fe3  +  /Fe2+  values  were  de- 
termined by  conventional  57Fe 
Mossbauer  techniques  (Table  19).  Ra- 
man spectra  (parallel  plus  cross-polar- 
ized) for  glasses  with  12.5,  16.7,  25,  and 
33.3  mol  %  NaFe02  are  shown  in  Fig. 
52.  The  deconvoluted  high-frequency 
envelope  of  the  glass  with  12.5  mol  % 
NaFe02  is  shown  in  Fig.  53. 

Below  —700  cm"1  the  low-frequency 
envelope  of  the  iron-containing  glasses 
resembles  that  of  Si02  glass,  although 
the  resolution  is  lower.  With  regard  to 
the  high-frequency  envelope,  the  ad- 
dition of  NaFe02  to  Si02  glass  gener- 
ates an  intense  band  at  970  cm  *  (Fig. 
53)  that  shifts  to  -929  cm  *  in  glass  of 
acmite  composition.  The  ratio  of  the  in- 
tegrated intensity  of  this  band  as  a 
function  of  the  total  area  of  the  high- 
frequency  envelope  systematically  in- 
creases with  increasing  NaFe02  con- 
tent. A  shoulder  above  -1000  cm  _1  (Fig. 
53)  can  be  deconvoluted  into  two  bands 
at  —1060  and  1140  cm"1  in  the  glass 
with  12.5  mol  %  NaFe02.  These  two 
bands  can  be  assigned  to  Si-0  antisym- 
metric stretch  vibrations  in  Si02  glass 
(cf.  Fig.  52).  With  increasing  NaFe02 
content  both  bands  decrease  in  fre- 
quency, and  the  band  at  —1150  cm  *  is 
not  resolvable  in  the  glasses  with  25.0 
and  33.3  wt  %  NaFe02. 

On  the  basis  of  57Fe  Mossbauer  stud- 
ies, the  structure  of  melts  along  the  join 
Si02-NaFe02  is  predominantly  a  three- 
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TABLE  19.  Fe3  +  /SFe203,  Isomer  Shift  (IS),  and  Quadrupole  Splitting  (QS)  of  Fe3'  in 
Melts  along  the  Join  Si02-NaFe02 


Composition, 
mol  %  NaFe02 

Temperature, 
°C 

Fe3 

* 

IS,  mm/sec 

QS,  mm/sec 

Fe3V2Fe203 

12.5 

1550 

0.23 

0.73 

1.00 

16.7 

1400 

0.20 

0.925 

1.00 

25.0* 

1400 

0.22 

0.806 

0.93 

33.3 

1400 

0.25 

0.974 

1.00 

Tor  Fe2*,  IS  =  0.62  mm/sec  and  QS  =  1.63  mm/sec. 


dimensional  array  of  Si04  and  Fe04  te- 
trahedra.  Most  of  the  iron  in  these 
glasses  is  in  the  trivalent  state  (Table 
19);  the  isomer  shift  is  -0.2-0. 25  mm/ 
sec  and,  therefore,  is  characteristic  of 
tetrahedrally  coordinated  ferric  iron. 


In  view  of  the  above  results,  the  band 
at  970-930  cm-1  (Fig.  52)  can  be  as- 
signed to  antisymmetric  stretching  vi- 
bration of  Fe-O-Si  bonds.  With 
increasing  NaFe02  content,  the  de- 
crease in  the  frequency  of  this  band,  as 
well  as  the  small  changes  in  frequency 
of  the  bands  assigned  to  Si-0  stretching 
modes,  is  due  to  increased  Fe-Si  cou- 
pling. 

A  structural  interpretation  of  these 
results  is  as  follows.  For  low  NaFe02 
contents,  ordered  domains  in  the  melt 
structure  exist  with  contrasting  Fe/Si 
values.  This  conclusion  follows,  in  prin- 
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Fig.  52.  Unpolarized  Raman  spectra  of  melts 
on  the  join  Si02-NaFe02. 


Fig.   53.  Deconvoluted   high-frequency  enve- 
lope of  the  glass  with  12.5  mol  c/c  NaFe02. 
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ciple,  because  of  the  distinct  stretching 
vibrations  associated  with  Si-rich  vs. 
NaFe02-rich  molecular  units.  The  de- 
crease in  frequency  of  the  970-cm  ~ l  band 
and  the  decrease  in  relative  proportion 
of  the  band  assigned  to  Si-0  stretching 
with  increasing  NaFe02  content  are 
consistent  with  an  increase  in  Fe/Si  and 
possibly  affect  the  size  of  the  iron-bear- 
ing clusters.  The  concept  that  Fe-Si  or- 
dering leads  to  the  formation  of  distinct 
units  in  these  melts  is  also  consistent 
with  the  invariancy  of  the  band  fre- 
quency associated  with  Fe02~ l  units  in 
depolymerized  Na2OxSi02  melts  over 
small  ranges  in  Fe3+  content  (Virgo, 
Mysen,  Danckwerth,  and  Seifert,  this 
Report).  These  results  contrast  with  the 
structural  role  of  Al3+  in  analogous  al- 
uminosilicate  melts.  In  the  highly  po- 
lymerized Si02-NaA102  melts,  the 
addition  of  NaA102  to  Si02  glass  dif- 
ferentially but  systematically  lowers  the 
frequencies  of  both  the  high-frequency 
bands  at  -1060  and  1200  cm  :  in  Si02 
glass.  This  effect  was  interpreted  by 
Virgo  et  al.  {Year  Book  78,  506-511)  to 
be  indicative  of  strong  Si(Al)  coupled 
modes,  whereby  Si  and  Al3+  are  ran- 
domly distributed  within  the  melt 
structure. 

The  difference  in  the  solubility  be- 
havior of  Al3  +  and  Fe3  +  in  melts  prob- 
ably explains  the  different  influence  of 
these  cations  on  the  phase  equilibria  of 
silicate  systems.  For  example,  Kushiro 
(1975)  examined  the  effects  of  various 
oxides  on  the  shifts  of  1-atm  liquidus 
phase  boundaries,  but  changes  in  the 
relative  silica  activities  of  the  melts, 
and  the  structural  roles  of  the  different 
cations  are  not  straightforward.  For  ex- 
ample, the  activity  of  Si02  increased  in 
melts  to  which  P205  and  Ti02  were  added 
and  decreased  in  melts  enriched  in 
A1203.  The  behavior  of  Fe203  was  be- 
tween these  two  extremes.  These  re- 
sults were  initially  perplexing  in  that 
all  of  P,  Ti,  Fe3  +  ,  and  Al3+  are  known 
to  be  network  formers  in  silicate  melts. 
But  some  understanding  of  the  above 
relationships  is  obtained  if  the  degree 


of  copolymerization  of  the  multivalent 
cation  with  the  Si02  network  is  taken 
into  account.  For  example,  P5  +  and  Ti4  + 
probably  occur  as  clustered  complexes 
in  melts,  whereas  Al3+  is  mixed  with 
Si  in  tetrahedral  coordination.  In  the 
latter  case,  then,  silica  activity  may  be 
lower  than  in  a  melt  that  has  the  same 
NBO/T  but  is  Al  free.  The  tendency  to- 
ward formation  of  Fe3  +  -rich  clusters  in- 
dicated in  this  study  is  therefore  more 
likely  to  explain  the  intermediate  be- 
havior of  Fe203  on  phase-equilibrium 
boundaries  than  is  the  amphoteric 
character  of  Fe3  + . 
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Speciation  of  Fe3+  in  1-atm 
Na20-Si02-Fe-0  Melts 

D.  Virgo,  B.  O.  Mysen,  P.  Danckwerth, 
and  F.  Seifert 

Redox  effects  in  silicate  melts,  such 
as  Fe3  +  /Fe2+  equilibrium,  are  func- 
tions of  temperature,  pressure,  oxygen 
fugacity,  and  the  melt  composition.  Ex- 
perimentally, it  should  be  possible  to 
establish  a  framework  that  relates  Fe3+/ 
Fe2+  to  both  extensive  and  intensive 
variables.  To  this  end,  trends  of  Fe3  +  / 
Fe2+  were  determined  as  functions  of 
melt  basicity  for  sodium,  potassium, 
barium,  calcium,  and  magnesium  sili- 
cate melts  (Virgo  et  al.,  Year  Book  80, 
308-311).  Data  have  also  been  obtained 
for  aluminosilicate  melts  (Seifert  et  al., 
this  Report;  Neumann  et  al.,  this  Re- 
port; Dickinson  and  Hess,  1981).  Ulti- 
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mately,  however,  the  speciation  of  Fe3  + 
and  Fe2+  must  be  known  in  order  to 
determine  the  equilibria  between  Fe3  + 
and  Fe2+  and  the  anionic  structure  in 
the  melts  (e.g.,  Hess,  1980).  In  the  pres- 
ent study,  Raman  spectroscopic  mea- 
surements were  made  to  compare  the 
anionic  structures  of  iron-bearing  melts 
with  the  structures  of  analogous  iron- 
free  liquids,  and  to  determine  the  pref- 
erence, if  any,  of  Fe3+  for  specific  an- 
ionic units  as  a  function  of  the  melt 
composition. 

The  melts  investigated  were  1-atm 
Na2Ox  Si02  (x  =  9,  5,  3,  2,  and  1.5) 
and  contained  1-13  wt  %  Fe203.  All  were 
quenched  in  air  at  1400°C  except  x  = 
9,  which  was  quenched  at  1550°C.  Trends 
of  Fe3  +  /Fe2+  in  the  glasses  at  1400°C 
containing  5.0  wt  %  Fe203  are  similar 
to  those  previously  reported  at  1550°C 
(Virgo  et  al,  Year  Book  80,  308-311; 
Danckwerth  and  Virgo,  this  Report)  ex- 
cept that  the  degree  of  oxidation  for  each 
sample  is  systematically  higher.  It  was 
not  possible  to  determine  Fe3  +  /Fe2+  in 
the  Na2O5Si02  glasses  with  1.0  and 
2.5  wt  %  Fe203,  or  in  the  Na2O2Si02 
glass  containing  1.0  wt  %  Fe203,  be- 
cause of  the  long  relaxation  times  of 
spin-spin  interactions  of  Fe3+  (Seifert 
etal,  Year  Book  78,  511-519).  The  Fe3+/ 
Fe2+  and  calculated  hyperfine  param- 
eters of  the  remaining  glasses  are  given 
in  Table  20.  The  low  isomer  shifts  for 


Fe3+  (Table  20)  are  characteristic  of  te- 
trahedrally  coordinated  ferric  iron 
(Virgo  et  al,  Year  Book  80,  308-311). 

Raman  spectroscopic  measurements 
were  carried  out  with  similar  tech- 
niques, reported  elsewhere  (Virgo,  My- 
sen,  Danckwerth,  and  Seifert,  this 
Report).  Because  the  structural  infor- 
mation on  glasses  is  found  in  the  spec- 
troscopic region  between  800  and  1250 
cm-1,  only  this  part  of  the  spectra  is 
discussed  here.  Deconvolution  of  the 
high-frequency  envelopes  (Figs.  54  and 
55)  was  carried  out  by  computer-fitting 
of  bands  of  Gaussian  line-shape  when 
the  existence  of  such  bands  was  indi- 
cated by  separate  peaks  or  shoulders. 
Additional  unresolved  bands  were 
added,  where  necessary,  so  that  the  sum 
of  the  areas  of  fitted  bands  equaled  the 
area  of  the  cumulative  envelope.  The 
decision  to  fit  unresolved  bands  in  the 
high-frequency  envelope  of  some  spec- 
tra, such  as  the  band  at  —1000  cm"1  in 
the  spectra  of  Na2O2Si02  melts  con- 
taining Fe203  (Fig.  55),  is  mandated  by 
the  presence  of  an  intense  band  at  ap- 
proximately the  same  frequency  in 
spectra  of  more  polymerized  melts  (Fig. 
54). 

The  high-frequency  envelopes  of  melts 
with  x  =  5.0  and  2.0  and  containing  1- 
5  wt  %  Fe203,  as  well  as  those  of  the 
corresponding  iron-free  glasses,  are 
given  in  Figs.  54  and  55,  respectively. 


TABLE  20.  Fe3  + 

/£Fe203,  Isomer  Shift  (IS),  and  Quadrupole  Splitting  ( 

QS)ofFe3  + 

in  Na20-xSi02 

Melts 

with  Varying  Concentrations  of  Fe203 

Temperature, 

°C 

Fe3  + 

Composition 

Wt  %  Fe203 

IS,  mm/sec         Q£ 

5,  mm/sec 

Fe3  +  /SFe203 

Na20-9Si02 

5.0 

1550 

0.31 

0.85 

0.74 

Na2O5Si02 

1.0 

1400 

Na2O5Si02 

2.5 

1400 

Na2O5Si02 

5.0 

1400 

0.32 

0.85 

0.77 

Na2O5Si02 

10.0 

1400 

0.25 

0.87 

0.84 

Na2O3Si02 

5.0 

1400 

0.33 

0.85 

0.75 

Na2O2Si02 

1.0 

1400 

Na2O2Si02 

2.2 

1400 

0.32 

0.87 

0.63 

Na2O2Si02 

5.0 

1400 

0.29 

0.84 

0.81 

Na2O2Si02 

8.8 

1400 

0.24 

0.85 

0.85 

Na2O2Si02 

13.4 

1400 

0.24 

0.93 

0.95 

Na2Ol.5Si02 

5.0 

1400 

0.28 

0.82 

0.81 
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900      987.5      1075      1162.5      1250  865        965       1065       1165       1265    870      977.5     1085     1192.5     1300 

Wavenumber,  cm"1 

Fig.  54.  Raman  spectra  (parallel  plus  crossed  polarization)  of  Na2O5Si02  glass  showing  the  growth 
of  the  980-cm    '  band  with  Fe203  in  the  range  0-5.0  wt  %  Fe203. 


5.0  wt  % 
Fe203 


^IWiWW 


900      987.5       1075       1162.5    1250    825      956.25    1087.5  1218.75     1350    850      962.5      1075      1187.5      1300 

Wavenumber,  cm"1 

Fig.  55.  Raman  spectra  (parallel  plus  crossed  polarization)  of  Na2O2Si02  glass  showing  the  growth 
of  the  900-cm    '  band  with  Fe203  in  the  range  0-5.0  wt  %  Fe203. 


The  presence  of  Fe3  +  in  these  melts  is 
signaled  by  intense  bands  at  —980-1000 
cm  " 1  and  —900  cm  ~ 1  in  low-sodium  vs. 
high-sodium  compositions.  Both  bands 
probably  occur  in  low-  and  high-sodium 
glasses,  and  at  the  5.0  wt  %  level,  the 
ratio  of  the  integrated  intensity  of  the 
980-  and  900-cm"1  bands  to  the  area  of 
the  high-frequency  envelope  respec- 
tively decreases  and  increases  as  a 
function  of  increasing  ratio  of  nonbridg- 
ing  oxygen  to.  the  tetrahedrally  coor- 
dinated cations  (NBO/T).  These  bands 
also  increase  in  integrated  intensity  in 


the  respective  samples  with  increasing 
Fe203  content  (Figs.  54  and  55).  In  com- 
parison to  the  spectra  of  the  iron-free 
glasses,  the  band  positions  of  the  bridg- 
ing oxygen  (  —  1020  cm"1),  Si2052~  unit 
(-1080 cm  1),Si2O62"unit(~950cm  x), 
as  well  as  the  band  due  to  Si02  units 
at  —1150  cm"1,  are  essentially  un- 
changed in  position  even  in  the  pres- 
ence of  high  concentrations  of  Fe3  +  . 
Thus,  the  content  of  Fe3+  as  a  network 
former  in  the  depolymerized  units,  as 
well  as  in  pure  Si02  units,  is  negligible. 
On  the  basis  of  57Fe  Mossbauer  data, 
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Fe2  +  is  assumed  to  be  a  network  former 
in  these  melts;  hence  the  presence  of 
small  concentrations  of  Fe2+  is  sig- 
naled by  changes  in  relative  propor- 
tions of  the  anionic  units  as  compared 
with  the  proportions  of  the  same  species 
in  iron-free  melts. 

The  assignment  of  the  bands  at  —900 
and  —1000  cm^1  is  based  on  two  dif- 
ferent lines  of  evidence.  First,  the  iso- 
mer-shift  values  calculated  for  57Fe 
Mossbauer  data  (Table  20)  are  char- 
acteristic of  tetrahedrally  coordinated 
Fe3  +  .  Second,  the  fact  that  both  these 
bands  have  the  maximum  allowable  de- 
polarization ratios  (Fox  etal.,  1982)  im- 
plies that  they  arise  from  asymmetric 
stretch  vibrations  of  the  type  Fe-O-Si. 
For  melts  along  the  join  Si02-NaFe02, 
it  is  concluded  that  Fe3+  occurs  as 
charge-balanced  complexes  with  dis- 
tinct Fe/Si  rather  than  random  mixing 
of  Fe3+  and  Si.  The  invariancy  of  the 
positions  of  the  1000-  and  900-cm1 
bands  as  a  function  of  Fe203  content  in 
the  soda-silicate  melts  adds  further 
support  to  this  interpretation.  On  this 
basis,  it  is  suggested  that  the  bands  at 
-1000  and  -900  cm  _1  reflect  two  dif- 
ferent, three-dimensional  atomic  units 
with  contrasting  Fe/Si.  It  is  presumed 
that  Fe/Si  is  respectively  lower  and 
higher  in  low-sodium  vs.  high-sodium 
melts. 

An  interpretation  of  Fe3  +  /Fe2  +  equi- 
libria in  these  melts  and  their  anionic 
structure  is  now  attempted.  It  is  as- 
sumed that  the  Raman  intensities  can 
be  used  as  a  measure  of  the  relative 
populations  of  the  various  anionic  units 
(Furukawa  et  al.,  1981).  For  the  Na20- 
5Si02  and  Na2O2Si02  melts  contain- 
ing varying  concentrations  of  Fe203  (e.g., 
Figs.  54  and  55),  the  intensity  ratios 
7(900)  and  7(1000),  each  compared  with 
the  integrated  intensity  of  the  high-fre- 
quency envelope,  are  0.31,  0.41,  0.92, 
and  0.17,  0.18,  0.31.  The  increase  in 
these  intensity  ratios  is  consistent  with 
the  increase  in  oxidation  state  of  iron 
in  melts  with  increasing  Fe203  content 
(cf.  Table  20)  and  can  be  explained  by 


the  following  equilibrium: 

50SiO2  +  7Si2064    +  4Fe0610-  +  02^ 
32Si2052" +4Fe02~,  (1) 

where  FeO610~  and  Fe02~  represent 
Fe2+  and  Fe3+  in  6-  and  4-fold  coordi- 
nation, respectively.  Equilibria  such  as 
Equation  1  are  consistent  with  the  type 
of  coexisting  anionic  species  in  the  re- 
spective iron-free  melts  (Mysen  et  al., 
1982),  and  with  the  observation  made 
in  this  study  that  the  proportion  of 
Si2052  unit  decreases  with  increasing 
Fe3  +  .  Thus  NBO/T  of  the  melt  de- 
creases with  increasing  Fe203. 

In  sodium  silicate  melts  containing 
5.0  wt  %  Fe203,  there  is  an  observed 
minimum  in  Fe3  +  /Fe2  +  with  increasing 
NBO/T  (Virgo  etal.,  Year  Book  81,308- 
311).  Equilibria  such  as  Equation  1, 
above,  but  where  the  Fe02"  unit  re- 
flects the  contrasting  Fe/Si  of  the  three- 
dimensional  units,  as  found  in  this  study, 
explain  qualitatively  the  observed  min- 
imum. For  highly  polymerized  melts 
with  NBO/T  <  0.9,  the  relative  abun- 
dance of  the  Si2052  unit  ( -  1090-cm  " l 
vibrational  mode)  and  Fe02!  ~  unit  with 
lower  Fe/Si  (— 990-cm  *  vibrational 
mode)  respectively  increase  and  de- 
crease with  increasing  NBO/T.  Thus, 
Fe3  +  /Fe2+  will  decrease.  For  more  de- 
polymerized  melts,  the  increase  in  Fe3  +  / 
Fe2+  is  mainly  attributable  to  the  in- 
crease in  the  proportion  of  the  Fe02^ 
unit  with  the  larger  Fe/Si  (—  900-cm  : 
vibrational  mode)  and  related  changes 
in  the  relative  concentrations  of  the 
Si2052"  andSi2064  units  with  increas- 
ing NBO/T. 

In  summary,  Fe3  +  in  sodium  silicate 
melts  occurs  as  two  distinct  three-di- 
mensional structural  units  with  appar- 
ently contrasting  values  of  Fe/Si.  The 
relative  proportions  of  these  vibra- 
tional units  explain  qualitatively  the 
observed  trends  of  Fe3+/Fe2+  in  these 
alkali  melts  as  functions  of  NBO/T.  In 
terms  of  the  mechanism  proposed  in  this 
study,  the  lower  Fe3  +  /Fe2+  in  alkaline- 
earth  melts  with  the  same  NBO/T  (e.g., 
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Virgo  et  al,  Year  Book  81,  308-311)  may 
reflect  the  different  proportions  of  the 
anionic  units,  principally  the  Si2052~ 
units  (Mysen  et  al.,  1982),  in  alkali  vs. 
alkaline-earth  melts. 
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Redox  Equilibria  of  Iron  in  Melts 
in  the  System  CaO-Al203-Si02-Fe-0 

E.-R.  Neumann,  B.  0.  Mysen,  D.  Virgo, 
and  F.  A.  Seifert 

An  understanding  of  the  structural 
roles  of  ferric  and  ferrous  iron  in  mag- 
matic liquids  is  necessary  to  relate  Fe3+/ 
Fe2+  of  magmatic  rocks  to  their  pro- 
cesses of  formation  and  evolution.  Such 
redox  equilibria  may  be  affected  by  the 
observation  that  whereas  ferrous  iron 
generally  occurs  in  octahedral  coordi- 
nation in  silicate  melts  (Bell  and  Mao, 
Year  Book  73,  496-497),  ferric  iron  may 
be  both  a  network  former  (tetrahedral 
coordination)  and  a  network  modifier 
(Virgo  et  al.,  Year  Book  80,  308-311). 
As  a  network  former,  it  may  require  the 
presence  of  alkali  metals  or  alkaline 
earths  for  local  charge-compensation 
(Virgo  et  al.,  this  Report). 

In  binary  metal  oxide-silica  melts, 
simple  relationships  between  the  redox 
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ratio  of  iron,  the  ratio  of  nonbridging 
oxygens  to  tetrahedral  cations  (NBO/ 
T),  and  the  type  of  metal  cation  have 
been  observed  (Virgo  et  al.,  Year  Book 
80,  308-311,  and  this  Report).  In  order 
to  apply  such  experimental  data  to  nat- 
ural silicate  melts,  it  is  necessary  to 
consider  the  effect  of  aluminum  on  the 
redox  equilibria  of  iron,  partly  because 
Al3+  and  Fe3+  require  local  charge- 
compensation,  and  partly  because  Al3  + 
and  Fe3+  may  exhibit  a  preference  for 
specific  structural  units  in  silicate  melts 
(Mysen  et  al.,  this  Report;  Virgo  et  al., 
this  Report).  This  preference  depends 
on  both  the  type(s)  of  charge-compen- 
sating metal  cations  (Na  +  ,  K  +  ,  Ca2  +  , 
or  Mg2  +  )  and  the  bulk  NBO/T  of  the 
melt.  The  present  report  is  devoted  to 
the  relations  between  Al/(  Al  +  Si),  NBO/ 
T,  and  ferric/ferrous  iron  in  melts  with 
Ca2+  for  charge-compensation.  The  re- 
lationships with  Mg2+  for  charge-com- 
pensation are  presented  elsewhere 
(Seifert  et  al.,  this  Report). 

Bulk  compositions  were  chosen  with 
A1/(A1  +  Si)  between  0.05  and  0.43  and 
NBO/T  between  0.15  and  0.86— ranges 
that  cover  most  igneous  rocks.  Iron- 
bearing  glasses  were  prepared  by  sus- 
pending the  samples  on  Pt-wire  loops 
in  a  vertical,  1-atm  quench  furnace  at 
temperatures  of  1500°-1625°C  in  air  and 
quenched  in  liquid  nitrogen  or  water. 
Chemical  analyses  of  the  quenched 
samples  generally  showed  insignificant 
iron  loss  to  the  Pt  wire.  The  Fe3  +  /SFe 
and  information  on  the  oxygen-coordi- 
nation polyhedra  around  Fe3  +  and  Fe2  + 
were  obtained  with  57Fe  Mossbauer 
spectroscopy. 

The  Mossbauer  spectra  of  all  samples 
are  topologically  similar  (Fig.  56)  and 
also  resemble  those  in  the  system  MgO- 
Al203-Si02-Fe-0  (Seifert  et  al,  this  Re- 
port). The  spectra  show  three  visually 
resolved  peaks  (Fig.  56).  In  contrast  to 
the  spectra  from  Al-free  samples  and 
from  samples  in  the  system  Na20-Al203- 
Si02  (Mysen  and  Virgo,  1978;  Seifert  et 
al,  Year  Book  79,  511-519;  Virgo  etal, 
Year  Book  80,  308-311),  a  shoulder  may 
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Fig.  56.  57Fe  Mossbauer  resonant  absorption 
spectrum  of  quenched  melt  with  5  wt  %  Fe503 
added.  Glass  (A1/(A1  +  Si)  =  0.122,  NBO/  f  = 
0.462)  prepared  at  1550°C  in  air. 


be  discerned  on  the  low-velocity  side  of 
the  main  low-velocity  peak.  This  shoul- 
der becomes  more  pronounced  with  de- 
creasing A1/(A1  +  Si)  and  NBO/T  of  the 
glasses.  The  spectra  require,  therefore, 
a  fit  to  at  least  four  Lorentzian  lines, 
where  lines  1  and  3  represent  the  ferric 
iron  doublet  and  lines  2  and  4,  the  doub- 
let of  Fe2+  (see  also  Danckwerth  et  al., 
this  Report,  and  Danckwerth,  this  Re- 
port, for  additional  discussion). 

The  isomer  shift  for  Fe3  +  ranges  be- 
tween 0.24  and  0.35  mm/sec  with  a  slight 
increase  with  increasing  NBO/T,  Al/(  Al 
+  Si),  and  temperature.  The  quadru- 
pole  splitting  typically  ranges  between 
1.35  and  1.55  mm/sec  for  Fe3  +  .  The  re- 
spective ranges  for  Fe3+  are  0.9-1.15 
mm/sec  and  1.85—2.05  mm/sec.  These 
values  for  the  hyperfine  parameters  are 
consistent  with  octahedrally  coordi- 
nated ferrous  iron,  whereas  Fe3  +  prob- 
ably occurs  predominantly  in 
tetrahedral  coordination  (Seifert  and 
Olesch,  1977;  Mysen  and  Virgo,  1978; 
Annersten  and  Olesch,  1978). 


CoO-AI203-SiOj,   5  wt  %  Fe203 

NBO/T  =0.85 

0.8 

i— 

_,  --   I550°C 

0.7 
0.6 

,       _-  I625°C 

0.5 

Al/(AI  +  S.) 

Fig.  57.  Relations  between  Fe3~/SFe  and  Al/ 
(Al  +  Si)  for  samples  with  NBO/T  =  0.85  at 
various  temperatures. 


CoO-AI203-Si02,   5wl  %  Fe203 
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Fig.  58.  Relationships  between  Fe3*/SFe  and 
NBO/T  at  1625°,  1550°,  and  1500°C.  The  A1AA1 
+  Si)  increases  with  increasing  NBO/T  of  the 
melt. 


At  constant  NBO/T  of  the  melt,  the 
Fe3  +  /SFe  increases  with  increasing  Al/ 
(Al  +  Si).  The  rate  of  increase  is  less 
pronounced  than  for  the  analogous 
compositions  in  the  system  MgO-Al203- 
Si02  (Fig.  57;  see  also  Seifert  et  al.,  this 
Report).  This  observation  is  consistent 
with  similar  structural  roles  of  Fe3  +  and 
Al3+  in  the  melts.  The  Fe3  +  /2Fe  may 
also  be  correlated  with  NBO/T  (Fig.  58) 
where  a  minimum  value  of  Fe3  +  /SFe  is 
observed  for  NBO/T  of  the  melt  at  about 
0.2-0.4  (probably  dependent  on  tem- 
perature). A  similar  minimum  was  ob- 
served by  Virgo  et  al.  {Year  Book  80, 
308-311)  for  Al-free  melts.  This  mini- 
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mum  has  been  related  to  the  existence 
of  Fe3  +  in  at  least  two  different  types 
of  tetrahedral  coordination  in  the  melts. 
The  abundance  ratio  of  the  two  tetra- 
hedral-coordination  polyhedra  depends 
on  the  bulk  NBO/T  of  the  melt  (Virgo 
et  al.,  this  Report). 

The  present  data  indicate  that  the 
principles  of  redox  equilibria  of  iron  in 
silicate  melts  deduced  from  simple  bi- 
nary metal  oxide-silica  systems  are  also 
valid  in  the  petrologically  more  rele- 
vant Al-bearing  systems.  It  is  clear, 
however,  that  both  the  type  of  charge- 
compensating  cation  and  A1/(A1  4-  Si) 
of  the  melt  must  be  considered  before 
such  data  can  be  applied  to  natural 
magmatic  liquids. 
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Ferric-Ferrous  Equilibria  in 

Melts  in  the  System  MgO-Al203- 

Si02-Fe-0 

F.  A.  Seifert,  B.  O.  Mysen,  D.  Virgo, 
and  E.-R.  Neumann 

The  anionic  structure  of  magmatic 
liquids  may  be  described  by  coexisting 
anionic  units  in  the  melt  containing  Si4  + 
and  charge-compensated  Al3+  and  Fe3  + 
together  with  minor  amounts  of  Ti4  + 
and  P5  +  .  It  is  important,  therefore,  to 
determine  the  relationship  between  the 
degree  of  polymerization  of  the  melt 
(Virgo  et  al,  Year  Book  80,  308-311) 
and  redox  ratios  of  iron.  Inasmuch  as 
Fe3+  and  Al3+  both  require  charge- 
compensation  with  alkali  metals  or  al- 
kaline earths,  it  is  also  necessary  to 
evaluate  the  structural  role  of  ferric  and 


ferrous  iron  as  a  function  of  Al  content 
and  type  of  charge-compensating  cat- 
ions. The  present  report  is  devoted  to 
an  evaluation  of  the  effects  of  charge- 
compensation  with  Mg2  +  .  The  ranges 
of  nonbridging  oxygens  per  tetrahed- 
rally  coordinated  cation  (NBO/T)  and 
A1/(A1  +  Si)  are  those  commonly  found 
in  magmatic  liquids. 

Iron-bearing  samples  were  prepared 
in  a  vertical  quench  furnace  at  1650°C 
in  air  with  the  samples  suspended  on 
Pt  loops.  Chemical  analysis  of  the 
quenched  glasses  generally  showed  in- 
significant iron  loss.  The  redox  equilib- 
ria were  studied  with  57Fe  resonant 
absorption  Mossbauer  spectroscopy.  The 
Mossbauer  spectra  of  all  samples  stud- 
ied are  topologically  similar,  with  three 
visually  resolved  peaks  (Fig.  59).  In 
contrast  to  most  iron-bearing  glasses 
studied  to  date  (Mysen  and  Virgo,  1978; 
Seifert  et  al.,  Year  Book  79,  511-519; 
Virgo  et  al.,  Year  Book  80,  308-311),  a 
shoulder  appears  on  the  low- velocity  side 
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Fig.  59.  Mossbauer  resonant  absorption  spec- 
trum of  quenched  melt  with  5  wt  %  Fe203  added 
at  1650°C  in  air  and  with  NBO/T  =  0.616  and 
A1/(A1  +  Si)  =  0.333. 
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of  the  main  low-velocity  peak  in  iron- 
bearing  glasses  in  the  system  MgO- 
Al203-Si02.  This  effect  is  also  observed 
in  the  Mossbauer  spectra  of  iron-bear- 
ing glasses  in  the  system  CaO-Al203- 
Si02  (Neumann  etal.,  this  Report).  The 
spectra  require,  therefore,  a  fit  to  at  least 
four  Lorentzian  lines.  Because  of  the 
poor  resolution,  the  half-widths  of  the 
first  and  third  lines  (which  represent 
the  ferric  doublet)  are  constrained  to  be 
equal.  This  procedure  can  be  justified 
from  the  equal  line-widths  of  the  ferric 
iron  doublet  in  fully  oxidized  glasses 
(Seifert  et  al.,  Year  Book  79,  511-519), 
whereas  the  ferrous  iron  doublet  com- 
monly shows  a  marked  asymmetry.  With 
this  constraint,  the  areas  of  the  two- 
component  peaks  of  ferric  and  ferrous 
doublets  agree  within  10%. 

The  hyperfine  parameters  for  ferric 
iron  are  0.29-0.36  mm/sec  (relative  to 
Fe  metal)  for  the  isomer  shift  and  1.40- 
1.55  mm/sec  for  quadrupole  splitting. 
The  relatively  low  values  of  the  isomer 
shift  indicate  that  a  major  portion  of  the 
ferric  iron,  at  least,  is  in  tetrahedral 
coordination  (see  also  Danckwerth,  this 
Report,  and  Danckwerth  et  al.,  this  Re- 
port, for  additional  discussion). 

The  positive  correlation  of  Fe3  +  /SFe 
with  NBO/T  (Fig.  60)  is  qualitatively 
similar  to  that  observed  in  Al-free  sam- 
ples (Virgo  et  al.,  Year  Book  80,  308- 
311),  whereas  that  between  Fe3  +  /SFe 
and  Al/(  Al  +  Si)  may  indicate  a  similar 
structural  role  of  ferric  iron  and  alu- 
minum. Alternatively,  increasing  Al 
content  may  open  up  the  structure, 
whereby  easier  entry  of  the  larger  Fe3  +  - 
oxygen  tetrahedra  into  the  melt  struc- 
ture may  be  facilitated. 

The  observations  discussed  here  are 
qualitatively  similar  to  those  of  Neu- 
mann et  al.  (this  Report)  for  redox  equi- 
libria of  iron  in  the  analogous  system 
CaO-Al203-Si02.  Inasmuch  as  Ca2+  and 
Mg2  +  are  the  two  main  charge-compen- 
sating cations,  particularly  in  natural 
basaltic  magma,  it  seems  evident  that 
the  ferric-ferrous  ratio  in  natural  mag- 
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Fig.  60.  Relations  between  NBO/7\  A1/(A1  + 
Si),  and  Fe3  +  /2Fe  of  quenched  melts  in  the  sys- 
tem MgO-Al203-Si02  at  1650°C  and  1  atm  with 
5  wt  %  Fe203  added.  (A)  Fe3  +  /2Fe  vs.  A1/(A1  + 
Si)  at  NBO/T  =  0.62.  (B)  Fe3+/2Fe  vs.  NBO/T  at 
A1/(A1  +  Si)  =  0.333. 


matic  liquids  should  be  related  not  only 
to  pressure,  temperature,  oxygen  fu- 
gacity,  and  NBO/T,  but  also  to  the  alu- 
minum content  of  the  liquid. 
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The  Effect  of  Pressure  on  Redox 

Equilibria  in  Melts  in  the  System 

Na20-Si02-Fe-0 

B.  O.  Mysen,  P.  Danckwerth,  and  D.  Virgo 

The  redox  ratio  of  iron  is  often  used 
as  a  petrogenetic  indicator  in  igneous 
processes.  One-atm  experimental  data 
on  oxygen  fugacity  (/o2)-temperature  (T)- 
Fe3  +  /Fe2+  relations  in  silicate  melts 
have  therefore  been  conducted  (e.g.,  Fu- 
dali,  1965;  Sack  et  al,  1980).  Limited 
data  on  partial  molar  volume  (Mo  et  al., 
1981)  and  experimental  data  on  Fe3  +  / 
Fe2+  (Mysen  and  Virgo,  1978)  indicate 
that  increased  pressure  tends  to  lower 
Fe3+/Fe2  +  .  Inasmuch  as  many  impor- 
tant magmatic  processes  take  place,  not 
at  1  atm,  but  in  the  earth's  crust  and 
upper  mantle,  it  was  decided  that  re- 
lations between  pressure  and  the  redox 
ratio  of  iron  should  be  further  investi- 
gated. 

The  starting  compositions  were  in  the 
system  Na2Si205-Fe-0  (NS2F)  with  iron 
added  as  Fe203  (mol  %  calculated  on  the 
basis  of  5  oxygens).  In  this  system  the 
ratio  of  nonbridging  oxygen  per  tetra- 
hedral  cation  (NBO/D  is  about  1  and 
thus  is  similar  to  that  of  natural  bas- 
altic liquids  (Mysen  et  al.,  1981). 

Glasses  were  prepared  at  1  atm  in 
air,  by  suspension  on  a  Pt  loop  in  a  ver- 
tical quench  furnace;  between  10  and 
30  kbar  in  the  solid-media,  high-pres- 
sure apparatus  (Boyd  and  England, 
1960);  and  in  the  gas-media,  high-pres- 
sure apparatus  (Yoder,  1950).  Dupli- 
cate experiments  with  the  solid-media 
and  gas-media,  high-pressure  appara- 
tus were  conducted  at  10  kbar  and 
1400°C.  These  experiments  were  car- 
ried out  to  evaluate  whether  hydrogen 
diffusion  from  the  solid-media  furnace 
assemblies  through  the  Pt  walls  of  the 
sealed  sample  containers  may  have  af- 
fected the  redox  ratio  of  iron.  The  gas- 
media,  high-pressure  apparatus  does  not 
contain  hydrogen-bearing  parts.  Inas- 
much as  oxygen  diffusion  through  sealed 
Pt  containers  is  insignificant,  influence 
of  the  experimental  equipment  on  the 


redox  ratio  is  excluded.  Finally,  time 
studies  of  1-60  min  were  conducted.  The 
latter  experiments  were  performed  to 
determine  the  minimum  run  duration 
required  for  equilibrium  Fe3  +  /Fe2+  in 
the  high-pressure  experiments.  The  re- 
sults of  the  time  studies  indicate  that 
10  min  was  sufficient  to  equilibrate  20- 
mg  samples  at  high  pressure.  The  com- 
parative data  from  the  gas-media  and 
solid-media,  high-pressure  apparatus 
do  not  indicate  any  influence  of  hydro- 
gen on  the  redox  ratios  in  the  melts 
with  this  run  duration. 

The  structural  role  of  iron  was  eval- 
uated with  57Fe  Mossbauer  spectros- 
copy. With  Mg2+  or  Ca2+  to  charge- 
compensate  for  Fe3+  in  possible  tetra- 
hedral  coordination  in  aluminous  sys- 
tems (Neumann  et  al.,  this  Report; 
Seifert  et  al.,  this  Report),  the  quad- 
rupole  splitting  of  Fe2+  is  such  that  the 
low- velocity  components  of  the  ferric  and 
ferrous  iron  doublets  do  not  coincide, 
and  four-line  deconvolution  of  the  spec- 
tra was  necessary.  From  a  statistical 
point  of  view,  the  Mossbauer  spectra  of 
the  NS2  samples  with  more  than  5  mol 
%  Fe203  are  better  deconvoluted  with 
four  Lorentzian  lines  than  with  the  three 
previously  used  for  Fe-bearing  silicate 
glasses  (Mysen  and  Virgo,  1978;  Seifert 
et  al,  Year  Book  78,  511-519).  High- 
pressure  quenched  glasses  do  not,  how- 
ever, require  four-line  fits,  presumably 
because  of  an  increase  in  the  quadru- 
pole  splitting  of  Fe2+  with  increasing 
pressure. 

Mossbauer  spectra  of  NS2  with  2.5 
and  15  mol  %  Fe203  are  shown  in  Fig. 
61.  It  can  be  seen  from  these  data  that 
at  10  kbar  and  1400°C  there  is  no  Fe3  + 
in  sodium  disilicate  glass  with  2.5  mol 
%  (2.2  wt  %)  Fe203.  The  same  results 
were  obtained  with  samples  quenched 
in  both  the  solid-media,  high-pressure 
apparatus  and  the  gas-media,  high- 
pressure  apparatus.  Inasmuch  as  there 
is  essentially  no  hydrogen  in  the  gas- 
media,*  high-pressure  apparatus,  re- 

*  Water-pumped  argon  used  for  a  high-pressure 
gas  medium  may  constitute  a  trivial  source  of  H2. 
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Mossbauer  resonant  absorption  spectra  of  glasses  in  the  system  Na2Si205-Fe-0  as  a 
iron  content  and  pressure.  2.5  mol  %  Fe203  added. 


duction  of  Fe3  +  to  Fe2  +  must  be  due  to 
the  increased  pressure.  At  the  highest 
pressure  (30  kbar),  the  areas  of  the  highl- 
and low-velocity  components  differ  by 
more  than  10%,  a  result  indicating  that 
some  Fe3  +  may  again  be  present.  It  was 
not,  however,  possible  to  insert  a  ferric 
iron  doublet  in  the  spectrum  with  the 
presently  available  deconvolution  pro- 
cedures without  the  aid  of  constraints 
on  one  or  more  of  the  line  parameters. 
This  difference  between  areas  of  the  two 
absorption  bands  of  the  ferrous  doublet 


is  indicated  as  Fe3+  in  Fig.  62. 

Samples  with  as  much  as  7.5  mol  % 
Fe203  become  completely  reduced  be- 
tween 1  atm  and  10  kbar  at  1400°C  (Fig. 
62).  It  is  likely  that  the  oxygen  released 
by  the  reduction  process  is  dissolved  in 
the  silicate  liquid  itself.  With  more  iron 
in  the  melt,  there  is  a  substantial  re- 
duction of  Fe3  +  /Fe2  + ,  but  ferric  iron  re- 
mains present  in  the  entire  pressure 
range  (Figs.  61  and  62).  In  all  samples 
the  Fe3  +  /Fe2+  decreases  to  a  minimum 
value  between  10  and  20  kbar  and  then 
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Fig.  6 IB.  Mossbauer  resonant  absorption  spectra  of  glasses  in  the  system  Na2Si205-Fe-0  as  a 
function  of  iron  content  and  pressure.  15  mol  %  Fe203  added. 


shows  an  increase  in  the  range  between 
20  and  30  kbar.  Similar  observations 
were  made  by  Mysen  and  Virgo  (1978) 
for  melts  in  the  system  NaAlSi206- 
NaFe3  +  Si206.  There  is  no  evidence  of 
Fe3+  or  Fe2+  significantly  changing 
structural  roles  (Fe3  +  in  tetrahedral  and 
Fe2+  in  octahedral  coordination)  in  ei- 
ther chemical  system. 

Mo  et  al.  (1981)  found  that  the  partial 
molar  volume  of  the  Fe015  component 
in  silicate  melts  is  greater  than  that  of 
FeO.  They  concluded,  therefore,  that 


increasing  pressure  would  result  in  re- 
duction of  ferric  iron.  For  example,  their 
results  indicate  that  the  fQ2  must  be  in- 
creased by  an  order  of  magnitude  be- 
tween 1  atm  and  10  kbar  total  pressure 
at  1400°C  in  order  to  maintain  constant 
Fe3  +  /Fe2  +  .  The  present  data  are  con- 
sistent with  the  conclusion  of  Mo  et  al. 
(1981)  and  with  that  of  Mysen  and  Virgo 
(1978).  The  latter  authors  also  sug- 
gested, however,  that  the  reduction  of 
Fe3  +  to  Fe2  +  was  probably  due  to  a  shift 
of  Al  coordination  in  the  melt.  There  is 


10  20 
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Fig.  62.  Redox  ratios  of  iron  in  glasses  in  the 
system  Na2Si205-Fe-0  as  a  function  of  iron  con- 
tent (percentages  denote  mol  %  added)  and  pres- 
sure at  1400°C. 


no  aluminum  in  the  present  system,  yet 
ferric  and  ferrous  iron  show  the  same 
behavior  as  in  the  Al-bearing  system. 
The  decrease  of  Fe3  +  /Fe2+  with  in- 
creasing pressure  must  therefore  be  re- 
lated to  the  relative  stabilities  of  Fe3  + 
and  Fe2+  complexes  as  a  function  of 
pressure. 

The  present  report  and  other  pub- 
lished data  on  simple  silicate  systems 
indicate  that  at  constant  temperature 
and  oxygen  fugacity  natural  magmas 
will  oxidize  upon  ascent  from  their 
source  regions.  One  may  speculate, 
therefore,  that  iron-bearing  liquidus 
minerals  probably  have  lower  Fe3+/Fe2  + 
at  high  than  at  low  pressure.  This  sug- 
gestion is  in  accord  with  the  observa- 
tion of  Osborne^  al.  {Year  Book  78,475- 
481),  who  found  that  Fe3  +  /Fe2+  of  liq- 
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uidus  magnetite  in  subalkaline  vol- 
canic rocks  decreases  with  increasing 
pressure.  In  the  light  of  these  obser- 
vations, it  is  clear  that  deductions  of  f0i 
conditions  during  high-pressure  crys- 
tallization of  natural  magma  require 
experimental  calibration  of  relevant  f02- 
T  barometers  as  a  function  of  pressure. 
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Distribution  of  Aluminum 

Between  Anionic  Units  in 

Depolymerized  Silicate  Melts  as  a 

Function  of  Pressure  and 

Temperature 

B.  O.  Mysen,  D.  Virgo,  and  F.  A.  Seifert 

Aluminum  and  silicon  are  the  two 
most  important  network-forming  cat- 
ions in  natural  magmatic  liquids.  An 
understanding  of  their  structural  roles 
in  silicate  liquids  is  therefore  necessary 
to  the  understanding  of  physical  and 
chemical  properties  relevant  to  igneous 
processes  in  the  earth  and  terrestrial 
planets.  It  has  been  shown  (Mysen  et 
al.,  Year  Book  80,  302-305)  that  Al3  + 
has  distinctive  preference  for  the  most 
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polymerized  of  coexisting  structural 
units  (e.g.,  three-dimensional  network 
units)  in  melts  relevant  to  magmatic 
processes  at  1  atm  pressure.  It  is  im- 
portant, however,  to  determine  the 
structural  role  of  Al3  +  in  melts  at  ele- 
vated temperatures  and  pressures  if 
magmatic  processes  in  the  crust  and  the 
mantle  are  to  be  understood.  This  need 
results  from  the  fact  that  petrologically 
important  properties  such  as  diffusiv- 
ity,  viscosity,  and  crystallization  be- 
havior of  aluminous  silicate  melts  vary 
significantly  in  the  pressure  ranges  of 
magma  formation  and  evolution  in  the 
earth. 

The  ratio  of  nonbridging  oxygen  per 
tetrahedral  cation  (NBO/D  of  mag- 
matic liquids  is  between  1.0  for  basalt 
melts  and  0.05  for  granitic  melts  (My- 
sen  et  al.,  1981).  The  bulk  melt  com- 
positions of  the  present  study  are  near 
those  of  basaltic  melt.  The  chemical 
system  was  sodium  disilicate  (NS2),  5- 
30  mol  %  of  which  was  replaced  by  so- 
dium dialuminate  so  that  NBO/T  =  1 
for  all  mixtures. 

Glasses  were  prepared  at  1  atm  by 
rapid  quenching  (~500°C/sec)  in  a  ver- 
tical quench  furnace.  Glasses  were  made 
at  high  pressure  by  isobaric  tempera- 
ture quenching  (200°-300°C/sec)  in  the 
solid-media,  high-pressure  apparatus 
(Boyd  and  England,  1960).  The  appli- 
cability of  structural  information  ob- 
tained on  glass  to  the  structure  of  melts 
has  been  discussed  by  Riebling  (1968), 
Sweet  and  White  (1969),  and  Seifert  et 
al.  {Year  Book  80,  300-301).  These  in- 
vestigators concluded  that  even  though 
there  are  thermochemical  differences 
between  glasses  and  their  melts  (Na- 
vrotsky  et  al.,  1980),  these  differences 
are  not  detectable  in  the  melt  structure 
with  tools  presently  available  for  melt- 
structure  analysis.  The  present  study 
employed  the  automated  Raman  spec- 
troscopic equipment  developed  at  the 
Geophysical  Laboratory  (Mysen  et  al., 
1982a)  with  Gaussian  lines  fitted  to  the 
digitized  data.  Band  assignments  and 
structural  interpretation  were  made 


according  to  Brawer  and  White  (1975, 
1977),  Bell  and  Dean  (1972),  Furukawa 
et  al.  (1981),  and  Mysen  et  al.  (1980, 
1982b). 

Selected  Raman  spectra  of  NS2  and 
NS2(NA2)30  (30  mol  %  Na4Al205  re- 
placing Na2Si205)  are  shown  in  Fig.  63. 
In  the  Al-free  system,  the  structural 
interpretation  of  the  spectra  is  consis- 
tent with  coexisting  chains  (940-  and 
650-cm"1  bands),  sheets  (580  and  1100 
cm-1),  and  three-dimensional  network 
units  (1150  and  500  cm-1).  In  addition, 
there  are  one  or  two  weak  bands  be- 
tween 900  and  850  cm-1.  These  bands 
may  be  assigned  to  either  a  dimer  or  a 
monomer,  or  both.  The  strong  1070-cm" l 
band  probably  stems  from  antisym- 
metric stretching  of  bridging  oxygen 
bonds  occurring  in  the  structural  units. 

Addition  of  alumina  (as  Na4Al205)  to 
NS2  melt  results  in  a  frequency  reduc- 
tion and  a  broadening  of  the  1070-cm"1 
band  (Fig.  63B).  This  band  is  probably 
a  composite  of  at  least  two  bands,  one 
of  which,  in  analogy  with  data  on  alu- 
minate-silica  melts  with  three-dimen- 
sional network  structure  (Seifert  et  al., 
Year  Book  80,  305-308),  results  from 
symmetric  stretch  vibration  of  bonds  in 
Al3  +  -  and  Si4  + -containing  three-di- 
mensional network  units. 

At  1  atm  pressure  the  1100-cm  :  band 
shifts  to  lower  frequency  and  dimin- 
ishes in  intensity  with  more  than  about 
10  mol  %  NA2  component  in  the  melt, 
a  result  indicating  that  Al3  +  also  enters 
the  sheet  structures.  The  frequency  of 
the  940-cm  1  band  responds  to  Al3  +  only 
in  the  spectrum  of  NS2(NA2)30  at  1 
atm  and  1600°C  (Fig.  63B).  Thus,  only 
under  these  conditions  does  Al3  +  enter 
chain  units  in  the  melts.  The  relative 
intensity  of  the  940-cm1  band  in- 
creases systematically  with  increasing 
sodium  dialuminate  content  of  the 
glasses.  In  addition,  the  bands  at  850- 
900  cm  " :  increase  in  relative  intensity 
with  increasing  Al  content.  These  lat- 
ter two  spectroscopic  effects  become  more 
pronounced  at  30  kbar  and  1600°  or 
1400°C  than  at  1  atm  and  1600°C. 
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Fig.  63A.  Raman  spectra  of  melts  of  NS2  composition  as  a  function  of  pressure  and  temperature. 
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Fig.  63B.  Raman  spectra  of  melts  of  NS2(NA2)30  composition  as  a  function  of  pressure  and  tem- 
perature. 
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With  the  aid  of  the  method  developed 
by  Seifert  et  al.  {Year  Book  80,  301- 
302),  the  relative  abundance  of  the 
structural  units  was  calculated  from  the 
relative  intensities  of  the  bands  in  the 
frequency  range  between  850  and  1200 
cm-1.  Because  of  the  dependence  on  Al 
content  of  scattering  efficiency  of  a  given 
T-0  bond,  and  because  some  Al3+  en- 
ters sheet  units  in  the  melts,  the  rela- 
tive abundance  of  sheet  units  cannot  be 
calculated  from  the  relative  intensity 
of  the  band  from  the  antisymmetric 
(Si,Al)-0  (from  sheet  unit)  stretch  vi- 
bration. The  relative  abundance  of  sheet 
units  was  calculated  from  oxygen  mass 
balance  (bulk  NBO/T  =1).  The  abun- 
dance of  three-dimensional  network 
units  was  calculated  by  mass  balance 
to  100%  because  of  the  lack  of  spectral 
resolution  in  the  frequency  range  be- 
tween 1000  and  1080  cm  _1.  The  results 
of  these  calculations  (Fig.  64)  show  the 
following  pressure-  and  temperature- 
dependent  features.  Increasing  Al3  + 
content,  with  Al3  +  showing  strong  pref- 
erence for  three-dimensional  units  in 
the  melt,  results  in  increasing  chain  and 
3D  units  in  the  melt.  This  effect  is  more 


l400°C-30kbar 
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30 


Fig.  64.  Calculated  abundances  of  anionic  units 
of  melts  in  the  system  Na2Si205-Na4  Al2  05  as  a 
function  of  pressure  and  temperature.  (A)  1600°C 
and  0.001  kbar;  (B)  1600°C  and  30  kbar;  (C)  1400°C 
and  30  kbar. 

pronounced  at  30  kbar  than  at  1  atm  at 
1600°C.  At  1400°C  and  30  kbar,  there 
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is  a  distinct  increase  in  the  relative 
abundance  of  monomers  and  dimers 
compared  with  their  relative  abun- 
dance at  1600°C  and  30  kbar.  As  a  re- 
sult, the  chain-sheet  ratio  is  lower  at 
1400°C  than  at  1600°C.  At  high  pres- 
sure, the  chains,  dimers,  and  monomers 
are  essentially  Al-free  in  the  aluminum 
abundance  range  of  these  experiments. 
It  is  clear,  therefore,  that  aluminum- 
bearing,  depolymerized  silicate  melts 
compositionally  relevant  to  magmatic 
liquids  show  both  pressure  and  tem- 
perature dependence  of  their  structure. 

Melt  of  NS2  composition  has  sodium 
disilicate  as  its  liquidus  phase  at  1  atm. 
A  melt  composition  within  5%  of  the 
value  of  NBO/71  of  NS2(NA2)30  has  so- 
dium orthosilicate,  sodium  metasili- 
cate,  and  carnegieite  on  the  liquidus 
(Osborn  and  Muan,  1960).  This  obser- 
vation is  consistent  with  the  rapid  in- 
crease in  meta-  and  orthosilicate  anionic 
units  together  with  an  aluminous,  three- 
dimensional  network  unit  with  increas- 
ing Al  content  in  melts  on  the  join  NS2- 
NA2.  It  is  suggested  that  the  liquidus 
field  of  the  orthosilicate  and  nepheline 
(or  carnegieite)  in  the  system  Na20- 
Al203-Si02  increases  with  increasing 
pressure  because  of  the  diminished  im- 
portance of  chain  units  in  the  melts  at 
high  pressure. 

The  viscosity  and  compressibility  of 
NS2  melt  are  not  significantly  depen- 
dent on  pressure  (Scarfe  et  al.,  Year  Book 
78,  542-547).  Tholeiitic  basalt  melt 
shows  a  rapid  decrease  in  viscosity  with 
increasing  pressure  (Fujii  and  Kushiro, 
Year  Book  76,  419-424)  even  though 
the  NBO/T  of  the  basalt  melt  is  similar 
to  that  of  sodium  disilicate  (Mysen  et 
al.,  1981).  It  is  suggested  that  the  ob- 
served structural  rearrangements  with 
pressure  in  Al-bearing  melts  may  be 
responsible  for  this  difference  in  rheo- 
logical  properties. 
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ELEMENT  PARTITIONING 


The  Effect  of  f02,  fS2,  and 

Temperature  on  Ni  Partitioning 

Between  Olivine  and  Iron  Sulfide 

Melts 

N.  Z.  Boctor 

The  partitioning  of  transition  metals 
between  silicate  minerals  and  iron  sul- 
fide melts  bears  on  important  geologi- 
cal problems.  The  tendency  of  transition 
metals  to  concentrate  in  sulfide  melts 
relative  to  silicate  minerals  or  melts  has 
led  to  the  suggestion  by  some  investi- 
gators (e.g.,  Rajamani  and  Naldrett, 
1978)  that  Fe-Ni  sulfide  ores  form  by 
liquid  immiscibility  from  their  parent 
mafic  and  ultramafic  magmas.  Support 
for  the  hypothesis  of  liquid  immiscibil- 
ity is  also  found  in  the  occurrence  of 
immiscible  sulfide  liquids  in  associa- 
tion with  basaltic  lava  in  nature  (Skin- 
ner and  Peck,  1969;  Czamanske  and 
Moore,  1977). 

Transition  metals  such  as  Ni  and  Co 
have  been  used  as  indicators  of  the  pet- 
rogenic  history  of  basaltic  and  ande- 
sitic  rocks  (Halki  and  Wright,  1967;  Hart 
and  Davis,  1978).  The  use  of  transition 
metals  for  that  purpose  was  based  on 
the  partition  coefficients  of  Ni  between 
olivine,  clinopyroxene,  and  silicate 
melts.  Despite  the  known  tendency  of 
sulfide  melts  to  concentrate  Ni  and  other 
transition  metals  relative  to  ferro- 
magnesian  silicate  minerals,  detailed 
investigations  on  the  partitioning  of 
these  elements  between  ferromagne- 
sian  minerals  and  sulfide  melts  re- 
ceived less  attention  from  experimental 
petrologists.  A  systematic  investiga- 
tion of  Ni  partitioning  between  ferro- 
magnesian  minerals  such  as  olivine  and 
iron  sulfide  melts  and  an  evaluation  of 
the  effect  of  the  parameters  that  are 
known  to  influence  crystal-liquid  par- 
tition coefficients — such  as  tempera- 
ture, pressure,  activities  of  the  solutes, 
and  fugacities  of  oxygen  and  sulfur  on 
the  partition  coefficients — are  needed 


before  they  can  be  adequately  used  to 
interpret  the  origin  of  Fe-Ni  sulfide  ores 
or  the  behavior  of  Ni  during  the  crys- 
tallization and  differentiation  of  mafic 
and  ultramafic  magmas. 

Experimental  Techniques 

The  experimental  techniques  used  in 
the  present  investigation  are  those  de- 
scribed by  Boctor  (Year  Book  80,  356- 
359).  Mixtures  of  H2,  C02,  and  S02  were 
used  to  control  the  fugacities  of  sulfur 
and  oxygen.  Run  durations  were  6  days 
at  1400°C  and  8  days  at  1300°C.  The  Ni 
concentrations  in  the  olivine  were  de- 
termined by  beta-track  mapping  (My- 
sen  and  Seitz,  1975).  When  feasible,  Ni 
concentrations  were  also  determined  by 
the  electron  microprobe  with  a  trace- 
element  computer  program.  From  four 
to  six  measurements  on  the  Ni  peak 
and  two  or  three  measurements  on  the 
background  below  and  above  the  peak 
position  were  obtained  for  each  grain. 
Counting  rate  was  120  or  200  sec,  de- 
pending on  the  Ni  concentration. 
Agreement  between  the  Ni  concentra- 
tions determined  by  the  two  methods 
was  within  5%.  The  major  elements  in 
olivine  and  Fe,  S,  and  Ni  in  the  sulfide 
melt  were  determined  by  the  electron 
microprobe,  and  the  Magic  IV  computer 
program  (Colby,  1971)  was  used  for  data 
reduction. 


Experimental  Results 

The  experimental  results  are  shown 
in  Table  21.  In  the  concentration  range 
1.5-5  mol  %  Ni2Si04  in  olivine  and  1.04- 
9.6  wt  %  Ni  in  the  sulfide,  the  distri- 
bution coefficient  is  independent  of  con- 
centration. The  distribution  coefficient 
for  Ni  between  olivine  (Fo  82-87)  and 
iron  sulfide  melt  appears  to  be  strongly 
influenced  by  the  fQ2.  Thus,  an  increase 
in/o2frorn  10  902to  10  7"  at  a  similar 
sulfur  fugacity  leads  to  a  decrease  in 
KDNi  from  13.37  ±  1.42  to  8.18  ±  0.70 
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TABLE  21.  Distribution  Coefficients  of  Ni 

between  Magnesian  Olivine  and  Iron 

Monosulfide  Melts 


Run  No. 


Temp.,       Time, 

°C  hr  KDNi* 


Average         1400  144      13.37  ±  1.42 


fo 


10 


9,/s2=    ID" 


9 

1400 

144 

8.17 

10 

1398 

144 

9.20 

11 

1402 

146 

8.04 

12 

1396 

146 

7.97 

13 

1400 

143 

8.2 

14 

1397 

143 

7.50 

Average 

8.18  ±  0.56 

/02 

=  10-902,/s2  = 

10-2.70 

15 

1300 

193 

19.93 

16 

1302 

193 

16.70 

17 

1297 

195 

19.19 

18 

1299 

195 

19.43 

Average 

18.81  ±  1.44 

/02 

=  10"897,/s2  = 

10-2  34 

19 

1302 

196 

17.86 

20 

1300 

196 

19.06 

21 

1297 

194 

19.72 

22 

1296 

194 

18.31 

Average 

18.74  ±  0.82 

*KDN>  =  1 

-^NiS  J 

XfbS)  sulfide  melt 

.      I  -^NiSiO  5O2   I 

y^Fes.o  502/  olivine 

Average  KDN' 

(Boctor, 

Year  Book  80,  356-359). 

at  1400°C.  A  decrease  in  temperature 
to  1300°C  at  nearly  the  same  f02  as  at 
1400°C  and  a  slightly  lower  fS2  in- 
creases the  KDm  to  18.81  ±  1.44.  To 
evaluate  the  effect  of  fS2  on  the  KDN\ 
the  fS2  was  increased  from  10  270  to 
10  ~235  at  1300°C  and  a  similar  f02.  The 
change  in  fS2  did  not  lead  to  any  sig- 
nificant change  in  the  distribution  coef- 
ficient. 

Discussion 

The  KDNl  determined  in  this  inves- 
tigation is  lower  than  that  reported  by 


Fleet  etal.  (1977)  for  olivine  (Fo  83-88) 
coexisting  with  basaltic  liquid  and  iron 
sulfide  melt  at  1160°C  (KDm  =  33).  Their 
experiments  were  at  lower  tempera- 
tures than  those  used  in  the  present 
investigation,  and  therefore  their  KDNl 
is  likely  to  be  higher  because  the  dis- 
tribution coefficient  increases  with  de- 
crease in  temperature.  The  experiments 
of  Fleet  et  al.  were  performed  in  alu- 
mina crucibles  sealed  in  evacuated  sil- 
ica tubes.  In  such  an  experimental 
configuration,  the  f02  and  fS2  are  not 
controlled.  Furthermore,  the  duration 
of  their  experiments  (16-19  hr  at 
1160°C)  was  much  shorter  than  that  of 
the  present  experiments  (192  hr  at 
1300°C).  The  run  duration  of  their  ex- 
periments had  to  be  kept  short  to  avoid 
extensive  reaction  between  the  charge 
and  the  alumina  crucible  and  devitri- 
fication of  the  silica  tubes.  In  view  of 
the  short  run  duration  and  because  the 
Ni  exchange  reaction  between  olivine 
and  sulfide  melt  was  not  reversed,  it  is 
not  certain  whether  Ni  saturation  in 
olivine  was  achieved  in  their  experi- 
ments. Fleet  etal.  (1977)  concluded  that 
the  Ni  contents  of  early  magmatic  oli- 
vines are  appreciably  greater  than  the 
calculated  Ni  contents  of  olivine  equi- 
librating with  any  hypothetical  iron-rich 
immiscible  sulfide  liquid,  and  that  sul- 
fide liquid  immiscibility  may  not  be  a 
plausible  mechanism  for  the  genesis  of 
Fe-Ni  sulfide  ores.  In  view  of  the  strong 
dependence  of  ifDNl  on  fQ2  demonstrated 
in  this  investigation,  their  conclusion, 
based  on  experiments  in  which  the  ox- 
ygen fugacity  was  not  controlled,  may 
not  be  justified. 

The  distribution  coefficient  between 
olivine  and  iron  sulfide  melts  tends  to 
decrease  with  increase  in  fQ2.  This  ob- 
servation agrees  with  the  data  of  My  sen 
and  Kushiro  (Year  Book  75,  678-684), 
who  found  during  melting  experiments 
on  the  Allende  meteorite  at  1275°C  with 
oxygen  fugacities  between  10  ~12  and 
10  ~9  that  the  Ni  content  of  olivine  in- 
creases with  increase  in  fQ2. 

The  effect  of  f0i  on  the  Ni  partitioning 
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between  olivine  and  iron  sulfide  melts 
is  demonstrated  when  the  Ni  content  of 
olivine  coexisting  with  iron  sulfides  in 
rocks  that  crystallized  under  different 
oxygen  fugacities  is  considered.  The  NiO 
content  of  olivine  (Fo  74-92)  coexisting 
with  troilite  and  metallic  iron  in  lunar 
rocks  is  0-0.07  wt  %  (Steele  and  Smith, 
1975).  The  intrinsic  oxygen  fugacity 
values  measured  for  lunar  rocks  range 
between  10  "123  and  10  128  at  1200°C 
(Sato  et  al.,  1973).  The  Ni  content  of 
olivine  (Fo  69-90)  in  Hawaiian  basalts 
is  0.1-0.37  wt  %  (Simkin  and  Smith, 
1970).  Estimates  of  intrinsic  oxygen  fu- 
gacity for  Hawaiian  basalts  reported  in 
the  literature  are  variable.  Fudali  (1965) 
gave  a  value  of  10 "8  2  at  1200°C  for  1921 
Kilauea  flow,  whereas  Sato  (1972)  re- 
ported an  /o2  about  0.9  log  unit  higher 
than  the  iron-wustite  buffer  at  the  same 
temperature  (f02  10  n)  for  olivine 
phenocrysts  from  a  tholeiite  pillow  lava 
dredged  from  a  depth  of  4680  km  at  the 
submarine  extension  of  the  East  rift  zone 
of  Kilauea.  The  differences  in  f02  were 
attributed  by  Sato  ( 1972)  to  deep-seated 
oxidation  of  the  magma  in  the  process 
of  its  extrusion  from  the  magma  res- 
ervoir. Comparison  of  the  distribution 
of  Ni  in  olivine  from  lunar  basalts  and 
Hawaiian  basalts  shows  that  the  Ni 
content  of  olivine  increases  with  in- 
crease in  f02,  in  agreement  with  the 
present  experimental  data  and  those  of 
Mysen  and  Kushiro  (Year Book  75,  678- 
684). 

The  oxygen  fugacities  of  the  present 
experiments  lie  between  the  iron-wus- 
tite and  wiistite-magnetite  buffers.  An 
/02  halfway  between  these  two  buffers 
for  the  magma  from  the  Skaergaard  in- 
trusion throughout  the  crystallization 
history  of  the  exposed  layered  series  was 
reported  by  Sato  and  Valenza  (1980). 
Data  on  oxygen  fugacities  of  mafic  and 
ultramafic  magmas  that  segregated  Fe- 
Ni  sulfide  ores  of  the  Sudbury  type  are 
not  available.  The  oxygen  fugacities  of 
basaltic  and  andesitic  magmas  mea- 
sured by  Fudali  (1965),  however,  are 
much  higher  than  those  used  in  the 


present  investigation,  ranging  from 
10"85  to  10  64  at  1200°C.  This  range 
extends  from  fQ2  values  greater  than  that 
of  the  quartz-fayalite-magnetite  buffer 
to  values  higher  than  that  of  the  Ni- 
NiO  buffer.  In  view  of  the  strong  influ- 
ence of  /02  on  Ni  partitioning  between 
olivine  and  iron  sulfide  melts,  olivine 
crystallizing  from  basaltic  and  andesi- 
tic magmas,  in  equilibrium  with  iron 
sulfide  melts,  is  likely  to  be  more  en- 
riched in  Ni  relative  to  olivine  crystal- 
lizing at  the  f02  of  the  present 
experiments.  The  effect  of  pressure  on 
the  partitioning  of  Ni  between  olivine 
and  iron  sulfide  melts,  however,  and  the 
effect  of  /o2  and  fS2,  temperature,  and 
pressure  on  Ni  partitioning  between 
sulfide  melts  and  mafic  and  ultramafic 
melts  need  to  be  evaluated.  Without  such 
evaluation,  the  plausibility  of  the  hy- 
pothesis of  formation  of  Fe-Ni  sulfide 
ores  by  liquid  immiscibility  cannot  be 
adequately  assessed. 
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Distribution  of  Rare  Earth 

Elements  in  Perovskite  from 

Melilite-Bearing  Rocks 

AT.  Z.  Boctor  and  H.  S.  Yoder,  Jr. 

Alkaline  igneous  rocks  generally  are 
more  enriched  in  rare  earth  elements 
(REE)  relative  to  silica-saturated  rocks 
(Haskin  et  al.,  1966).  One  of  the  acces- 
sory minerals  in  such  rocks,  perovskite, 
is  known  to  incorporate  significant 
amounts  of  REE  in  its  crystal  structure, 
particularly  the  light  rare  earth  ele- 
ments (LREE).  The  distribution  of  REE 
in  alkaline  rocks  could  therefore  be 
dominated  by  its  presence  and  influ- 
ence the  whole-rock  REE  patterns  of 
these  rocks.  Preliminary  investigation 
of  the  distribution  of  REE  in  perovskite 
from  some  melilite-bearing  rocks  shows 
that,  although  it  is  less  enriched  in  to- 
tal REE  relative  to  perovskite  from 
kimberlites  and  carbonatites,  it  is  likely 
to  be  the  main  host  for  REE  in  these 
rocks.  The  results  of  this  investigation 
also  suggest  that  perovskite  in  melilite- 
bearing  rocks  crystallized  at  oxygen  fu- 
gacities comparable  to  those  at  which 
it  formed  in  kimberlites  but  lower  than 
those  at  which  it  crystallized  in  car- 
bonatites from  alkaline  rock  com- 
plexes. 


The  distribution  of  REE  in  perovskite 
was  determined  by  the  electron  micro- 
probe.  Data  reduction  and  correction  for 
overlaps  in  the  peak  positions  for  the 
REE  were  done  by  the  Magic  IV  com- 
puter program  of  Colby  (1971).  Perov- 
skite does  not  show  any  compositional 
variation  from  one  crystal  to  another. 
Perovskite  rims  on  titaniferous  mag- 
netite in  uncompahgrite  from  the  Gar- 
diner intrusion,  East  Greenland,  are 
similar  in  composition  to  groundmass 
perovskite.  The  REE  concentrations  in 
melilite  coexisting  with  perovskite  in 
these  rocks  were  too  low  to  be  ade- 
quately determined  by  the  electron  mi- 
croprobe. 

The  results  of  the  electron  micro- 
probe  analyses  (Table  22)  indicate  that 
perovskite  from  melilite-bearing  rocks 
is  less  enriched  in  REE  relative  to  per- 
ovskite from  carbonatites  and  kimber- 
lites (Boctor  and  Boyd,  1980,  1981; 
Boctor  and  Yoder,  Year  Book  79,  302- 
304),  though  it  shows  the  characteristic 
LREE  enrichment  displayed  by  perov- 
skite in  these  rocks.  The  concentration 
of  LREE  in  perovskite  agrees  with  the 
experimental  data  on  partitioning  of 
REE  between  perovskite  and  liquid, 
which  show  that  the  DREE  is  >2  for  the 
LREE  and  0.4-0.5  for  HREE  (Naga- 
sawa  et  al.,  1981).  The  tendency  of  the 
perovskite  to  concentrate  the  LREE  is 
explained  by  their  ability  to  replace  Ca 
in  the  perovskite  structure;  the  HREE 
are  smaller  in  size  than  the  Ca  ion  and 
therefore  cannot  be  easily  accommo- 
dated in  perovskite  (Boynton,  1975). 

The  iron  content  of  perovskite  from 
melilite-bearing  rocks  is  much  lower 
than  that  of  perovskite  from  carbona- 
tites but  similar  to  that  of  perovskite 
from  kimberlites.  The  low  iron  content 
of  perovskite  is  consistent  with  the  ex- 
perimental data  of  Kimura  and  Muan 
(1971a,b),  who  found  that  perovskite 
crystallizing  under  reducing  conditions 
contains  small  amounts  of  iron  as  FeO, 
in  contrast  to  perovskite  crystallizing 
under  oxidizing  conditions,  which  can 
incorporate  larger  amounts  of  iron  in 
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TABLE  22.  Electron  Microprobe  Analyses  of  Perovskite*  from  Melilite-Bearing  Rocks 


It 

2 

3 

4 

5 

Si02 

n.d.t 

n.d. 

0.02 

n.d. 

n.d. 

Ti02 

55.95 

55.33 

55.11 

56.87 

57.02 

FeO 

1.00 

1.50 

1.52 

1.11 

1.05 

MgO 

0.27 

0.25 

0.24 

0.21 

0.20 

CaO 

38.94 

39.18 

38.99 

40.01 

39.52 

Na20 

0.42 

0.34 

0.27 

0.35 

0.36 

Y203 

0.07 

n.d. 

0.04 

n.d. 

n.d. 

La203 

0.41 

0.27 

0.31 

0.34 

0.36 

Ce203 

1.52 

1.46 

1.38 

1.32 

1.41 

Pr203 

0.12 

n.d. 

n.d. 

n.d. 

n.d. 

Nd203 

0.30 

0.21 

0.27 

0.32 

0.45 

Nb205 

0.77 

0.68 

0.66 

0.25 

0.32 

Total 

99.77 

99.22 

98.81 

100.78 

100.73 

*Sm,  Eu,  Gd,  Tb,  Dy,  Er,  Tm,  Yb,  and  Lu  not  detected  by  electron  microprobe. 
tl,  Alnoite,  Anabar  massif,  Siberia,  USSR;  2,3,  olivine  melilitite,  Hochbohl,  Germany;  4,5,  uncom- 
pahgrite,  Gardiner  intrusion,  East  Greenland. 
$Not  detected. 


its  structure  as  Fe203. 

The  partition  coefficient  of  REE  be- 
tween melilite  and  silicate  melts  is  de- 
pendent on  the  bulk  composition  of  the 
melt  and  the  composition  of  the  melilite 
solid  solution.  Nagasawa  et  al.  (1981) 
found  that  the  absolute  -Dree3+  in- 
creases with  increase  in  the  gehlenite 
content  of  melilite.  The  melilite  com- 
positions in  alkaline  igneous  rocks  are 
close  to  or  on  the  akermanite-sodian 
melilite  join  at  about  2/3  akermanite; 
the  gehlenite  content  does  not  exceed  5 
mol  %  of  the  bulk  composition  (Velde 
and  Yoder,  Year  Book  76,  478-485).  The 
synthetic  melilites  (Ge30Ak70-Ge98Ak2) 
used  in  the  experiments  of  Nagasawa 
et  al.  (1981)  are  not  similar  to  melilites 
from  alkaline  igneous  rocks,  and  the 
effect  of  addition  of  Na  on  the  REE  mel- 
ilite/liquid  partitioning  is  not  known. 
Nevertheless,  even  for  the  gehlenite-rich 
melilites  the  D  values  for  melilite/liq- 
uid  (0.48-0.61  for  LREE  and  0.22-0.49 
for  HREE)  are  much  lower  than  those 
for  perovskite/liquid,  particularly  for 
LREE,  where  D  >  2.  These  differences 
in  the  partition  coefficients  and  the  ex- 
pected decrease  in  the  absolute  DREE3  + 
melilite/liquid  with  increase  in  the  ak- 
ermanite component  suggested  by  the 
experiments  of  Nagasawa  et  al.  (1981) 


would  account  for  the  enrichment  of  REE 
in  perovskite  relative  to  melilite  in  al- 
kaline igneous  rocks. 

In  conclusion,  perovskite  in  melilite- 
bearing  rocks,  though  a  minor  constit- 
uent, appears  to  be  the  major  phase  re- 
sponsible for  concentration  of  REE  in 
these  rocks.  Perovskite  in  melilite- 
bearing  rocks  crystallized  at  low  oxy- 
gen fugacities,  as  suggested  by  its  low 
FeO  content.  These  low  oxygen  fugac- 
ities are  comparable  to  those  at  which 
perovskite  crystallized  in  kimberlite,  but 
are  much  lower  than  those  at  which  it 
formed  in  carbonatites. 
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MINERAL-FLUID  EQUILIBRIA 


Solubilities  and  Thermodynamic 

Properties  of  MnCl2°  in  the  System 

MnSi03-Si02-HCl-H20* 

N.  Z.  Boctor  and  J.  D.  Frantz 

The  study  of  the  solubility  of  man- 
ganese in  chloride-bearing  fluids  at  su- 
percritical temperatures  and  pressures 
is  important  to  the  understanding  of  the 
geochemical  transport  of  this  element 
during  the  formation  of  hydrothermal 
manganese  deposits  associated  with  mid- 
oceanic  ridges,  manganese-rich  skarns, 
and  metamorphosed  manganese  ores. 
Boctor  and  Frantz  {Year Book  80,  359- 
362)  studied  the  solubility  of  rhodonite 
represented  by  the  reaction 


MnSi03  +  2HC1°^ 

MnCl2°  +  Si02  +  H20 


(1) 


at  400°-700°C  and  2000  bars.  In  this 
report  the  solubility  of  rhodonite  is  de- 
termined in  the  same  temperature  range 
at  1000  bars.  The  thermochemical  data 
deduced  in  these  studies  are  used  to  cal- 
culate the  solubilities  of  manganese 
minerals  for  which  thermochemical  data 
are  available. 

Mineral-solution  equilibria  in  the 
system  MnSi03-Si02-HCl-H20  were 
studied  at  1000  bars  and  400°-700°C  by 
a  rapid-quench  hydrothermal  tech- 
nique and  the  Ag-AgCl  buffered  and 
unbuffered  methods  (Frantz  and  Eugs- 
ter,  1973;  Frantz  and  Popp,  1979).  Run 
duration  varied  between  1  and  28  days. 
Manganese  concentrations  in  the  fluid 
after  quench  were  measured  by  atomic 

*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  80-08798. 


absorption  spectrometry.  Chloride  con- 
centrations in  the  outer  capsules  were 
measured  by  a  Biichler  chloridometer. 
The  chloride  concentrations  in  the  in- 
ner capsule  were  measured  by  either 
the  chloridometer  or  the  colorimetric 
technique  described  by  Popp  and  Frantz 
(1979).  The  concentrations  of  associ- 
ated HC1°  were  calculated  from 
quenched  total  chloride  by  the  method 
of  Boctor  and  Frantz  (Year  Book  80,  359- 
362). 

In  Fig.  65,  logarithms  of  molalities  of 
associated  HC1  are  plotted  as  a  function 
of  logarithms  of  molalities  of  total  man- 
ganese for  unbuffered  experiments  at 
1000  bars  and  400°-700°C.  The  concen- 
tration of  Mn  in  the  fluid  is  much  greater 
than  that  of  total  HC1;  Mn  content, 
therefore,  is  not  significantly  affected 
by  reactions  between  HC1  and  the  sol- 
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Fig.  65.  Log  mmnT)  vs.  log  m(HCn  for  solutions 
in  equilibrium  with  the  assemblage  rhodonite  + 
quartz  at  1000  bars.  The  lines  represent  least- 
squares  regression  fit  of  log  m,Hcn  ~~  l°g  ^Mnri 
data. 
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ids.  The  slopes  of  the  lines  in  Fig.  65 
provide  indirect  information  on  the  spe- 
ciation  of  Mn  in  the  fluid.  Boctor  and 
Frantz  (Year  Book  80,  359-362)  have 
shown  that  if  MnCl2°  is  the  most  abun- 
dant species  in  the  fluid,  the  theoretical 
slope  d  log  ra(Mnr)/d  log  ra(Hcn  is  equal 
to  2,  where  m(Mnr,  is  the  molality  of  to- 
tal Mn.  If  MnCl+  or  Mn2+  is  the  pre- 
dominant species  in  the  fluid,  the  values 
of  the  slopes  are  1  and  0.67.  The  slopes 
of  the  lines  in  Fig.  65,  determined  by 
linear  regression  with  HC1°  as  the  de- 
pendent variable,  were  equal  to  or 
greater  than  2.  Measurement  of  the 
chloride-to-manganese  ratios  in  the 
fluids  in  both  the  buffered  and  unbuf- 
fered runs  gave  values  of  —2,  a  result 
suggesting  that  Mn  in  the  fluid  is  di- 
valent. It  is  likely,  therefore,  that  MnCl2° 
is  the  most  abundant  species  in  the  fluid. 
The  deviation  of  the  values  of  the  slopes 
calculated  on  the  basis  of  the  experi- 
mental data  from  that  of  the  theoretical 
value  for  MnCl2°  is  attributed  to  the 
fact  that  HC1°  concentrations  in  re- 
versed experiments  are  not  in  good 
agreement  at  low  temperatures  owing 
to  decrease  of  hydrogen  diffusion  rates 
through  the  platinum  membrane  with 
decrease  of  temperature.  Also,  diffusion 
of  manganese  into  the  platinum  con- 
tainer is  likely  to  decrease  hydrogen 
diffusion  rates  through  the  platinum 
membrane. 

The  equilibrium  constant  for  Equa- 
tion 1,  as  given  by 


K 


(m 


MnCl2 


C^Ifeo) 


;m2HCr 


was  evaluated  for  both  the  buffered  and 
unbuffered  experiments  and  is  plotted 
as  a  function  of  1000/T(K)  in  Fig.  66. 
For  the  reaction  in  Equation  1  at  equi- 
librium 

Gf°(MnC\2°)  +  Gf°  (quartz)  +  Gf°  (H20) 
-  Gf°  (rhodonite)  -  2Gf°  (HC1°) 
=   -RT  In  K, 

where  the  standard  states  of  the  solids 


1.2  1.3 

(Jr)xl03CK) 

Fig.  66.  Log  K  vs.  1000/T(K)  at  1000  bars.  Open 
symbols,  unbuffered  experiments;  bars,  one  stan- 
dard deviation;  closed  symbols,  buffered  runs.  The 
line  represents  a  least-squares  regression  fit  of 
the  data. 


and  water  are  those  of  pure  phases  at 
temperature  and  pressure,  and  the 
standard  states  of  the  aqueous  solutes 
are  hypothetical  1-molal  solutions  at 
temperature  and  pressure.  The  differ- 
ence in  the  standard-state  free  energies 
of  formation  between  MnCl2°  and  HC1° 
were  calculated  and  are  plotted  as  a 
function  of  temperature  (Fig.  67).  The 
standard  free  energy  of  formation*  of 
rhodonite  was  calculated  from  the  data 
of  Robie  et  al.  (1978);  that  of  quartz, 
from  Helgeson  et  al.  (1978);  and  that  of 
water,  from  Fisher  and  Zen  (1971).  The 
differences  in  free  energies  between 
MnCl2°  and  HC1°  determined  in  this 
study  and  those  determined  by  Boctor 
and  Frantz  (Year Book  80, 359-362)  were 
used  in  conjunction  with  available  ther- 
mochemical  data  to  calculate  the  sol- 
ubility constants  of  manganese-bearing 
minerals.  The  solubility  reaction  of  each 
of  these  minerals  in  aqueous  chloride 


*Standard  free  energy  of  formation  refers  to 
the  free  energy  of  formation  of  the  phase  at  tem- 
perature and  pressure  from  the  elements  at  25CC 
and  1  atm,  where  the  enthalpies  of  the  elements 
are  0  at  25°C  and  1  atm. 
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Fig.  67.  The  difference  in  free  energy  of  for- 
mation between  associated  aqueous  MnCl2°  and 
HC1°  vs.  T(°C).  Symbols  as  in  Fig.  66.  The  line 
represents  a  least-squares  regression  fit  of  the 
data. 


solutions  and  its  solubility  constants  at 
1000  and  2000  bars  are  given  in  Table 
23.  The  standard  free  energy  of  the 
manganese  minerals  is  from  Robie  et 
al.  (1978)  adjusted  to  the  standard  state 
adopted  in  this  report;  that  of  aqueous 
silica,  from  Walther  and  Helgeson 
(1977);  that  of  water,  from  Fisher  and 
Zen  (1971);  and  that  of  hydrogen,  from 
Wicks  and  Block  (1963). 

Reaction  between  manganese-bear- 
ing minerals  and  supercritical  chloride- 


bearing  hydrothermal  fluid  occurs  at  the 
time  of  metamorphism  of  sedimentary 
manganese  ores,  during  the  circulation 
of  convecting  sea  water  in  the  oceanic 
crust  at  mid-oceanic  ridges.  In  addition, 
hydrothermal  transport  of  manganese 
occurs  during  the  processes  of  hydro- 
thermal  alteration  and  skarn  forma- 
tion associated  with  intrusion  of  ig- 
neous plutons.  The  solubility  data  given 
in  Table  23  are  used  by  Frantz  and  Boc- 
tor  (this  Report)  to  determine  the  com- 
positions of  hydrothermal  fluids  in 
equilibrium  with  manganese-bearing 
mineral  assemblages  in  some  of  these 
geologic  environments. 
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TABLE  23.  Equations  for  Solubility  Constants*  at  400°-600°C 


Mineral 


Reaction 


Pressure, 
kbar 


Bixbyite  Mn203  +  4HC1°  +  H2^2MnCl2°  +  3H20 

Hausmannite  Mn304  +  H2  +  6HCl°^3MnCl2°  +  4H20 

Manganosite  MnO  +  2HCl°^MnCl2°  +  H20 

Pyrolusite  Mn02  +  2HCF  +  H2^MnCl2°  +  2H20 

Tephroite  Mn2Si04  +  4HCl°^2MnCl2°  +  H4Si04 

Rhodonite  MnSi03  +  2HC1°  +  H2O^MnCl2°  +  H4Si04 


1 

-18.2076 

25,984 

2 

-18.0026 

26,880 

1 

-32.1974 

37,084 

2 

-33.5090 

39,677 

1 

-9.6601 

11,413 

2 

-9.3724 

11,785 

1 

-13.4139 

20,156t 

2 

- 14.8047 

21,581 

1 

-13.4474 

16,366 

2 

-12.3603 

16,884 

1 

-8.3226 

8,427 

2 

-9.7253 

10,173 

*Log  K  =  A  +  B/T(K). 

t  Equation  valid  in  the  temperature  range  400C-500°C. 
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Compositions  of  Supercritical 

Chloride-Bearing  Fluids  in 

Equilibrium  with  Manganese 

Mineral  Assemblages* 

J.  D.  Frantz  and  N.  Z.  Boctor 

Data  on  the  solubilities  and  ther- 
modynamic properties  of  manganese  in 
chloride-bearing  hydrothermal  fluids 
(Boctor  and  Frantz,  this  Report)  may 
be  applied  to  geologic  problems  related 
to  manganese  mineral  assemblages. 
Such  applications  are  restricted  by  the 
lack  of  thermochemical  data  on  impor- 
tant manganese  minerals.  Thermo- 
chemical data  are  not  available  for 
manganese-bearing  silicate  minerals 
(with  the  exception  of  rhodonite  and  te- 
phroite)  and  for  the  oxides  pyrophanite, 
galaxite,  jacobsite,  and  franklinite. 
Nevertheless,  an  attempt  is  made  in  this 
report  to  use  the  calculated  solubility 
constants  (Boctor  and  Frantz,  this  Re- 
port) in  conjunction  with  the  data  of 
Frantz  et  al.  (1981)  to  estimate  the  com- 
positions of  supercritical  chloride-bear- 
ing fluids  in  equilibrium  with  pertinent 
manganese  mineral  assemblages. 


*  Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  80-08798. 


Tephroite-Fayalite-Forsterite  Solid 
Solutions 

In  Fig.  68  the  mol  fractions  of  Mn, 
Fe,  and  Mg  in  equilibrium  with  te- 
phroite-fayalite  solid  solution  series 
containing  up  to  20  mol  %  forsterite  are 
plotted  as  a  function  of  olivine  compo- 
sition at  500°C  at  1000  and  2000  bars. 
Manganese  is  present  as  MnCl2°,  Fe  is 
present  as  FeCl2°,  and  magnesium  is 
predominantly  dissociated  as  MgCl  + 
with  small  amounts  of  MgCl2°  and  Mg2  + 
The  distribution  of  Mn,  Fe,  and  Mg  in 
the  supercritical  fluid  was  calculated 
from  the  solubility  constants  of  te- 
phroite  (Boctor  and  Frantz,  this  Re- 
port), the  solubility  constants  of  fayalite 
and  forsterite  (Frantz  et  al.,  1981),  and 
the  ionization  constants  of  MgCl2° 
(Frantz  and  Marshall,  1982).  The  total 
chloride  concentration  was  1.0  molal  and 
the  concentration  of  Si  was  0.01  molal. 
The  activity  coefficients  of  components 
in  the  olivine  solid  solutions  were  as- 
sumed to  be  unity.  The  activity  coeffi- 
cients for  ionic  species  in  the  fluid  were 
computed  by  the  extended  Debye-Hiickel 
equation.  Figure  68  shows  that  the  rel- 
ative concentrations  of  Mn,  Fe,  and  Mg 
in  the  supercritical  fluid  are  dependent 
on  their  relative  concentrations  in  the 
olivine;  with  respect  to  Fe  and  Mg,  how- 
ever, Mn  tends  to  be  more  concentrated 
in  the  fluid  relative  to  the  solid.  Thus, 
for  an  iron-rich  olivine  (Fa0  8Fo0  ]Teph0 A) 
reacting  with  a  supercritical  fluid  at 
500°C  and  2  kbar,  the  mol  fractions  of 
Fe,  Mn,  and  Mg  in  the  fluid  are  0.732, 
0.218,  and  0.050,  respectively,  whereas 
for  a  manganese-rich  olivine  (Teph0  8 
Fa0  iFoo  i),  the  mol  fractions  of  Fe,  Mn, 
and  Mg  are  0.035,  0.936,  and  0.029,  re- 
spectively. 

Manganese-rich  olivines  in  some  Mn- 
rich  skarns  and  metamorphosed  man- 
ganese ores  have  compositions  that 
range  from  nearly  pure  tephroite  to 
Teph071Foo.23Fa0o6  (Peters  etal.,  1973, 
1977).  Supercritical  fluids  equilibrat- 
ing with  olivines  of  such  compositions 
will  be  significantly  enriched  in  Mn  rel- 
ative to  Fe  or  Mg. 
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Fig.  68.  Compositions  of  supercritical  fluids  in  equilibrium  with  tephroite-fayalite-forsterite  solid 
solution  at  500°C  and  1000  and  2000  bars.  The  contours  represent  mol  fractions  of  Mn  (solid  lines), 
Fe  (dashed  lines),  and  Mg  (dotted  lines).  Manganese  is  present  as  MnCl2°;  iron,  as  FeCl2°;  and 
magnesium,  as  Mg2*,  MgCl*,  MgCl2°. 


The  tendency  of  Mn  to  be  concen- 
trated in  the  supercritical  chloride  fluids 
is  also  clearly  demonstrated  for  mag- 
nesium olivines  that  contain  trace 
amounts  of  Mn  in  solid  solution.  Figure 
69  and  Table  24  show  the  distribution 
of  Fe,  Mn,  and  Mg  species  in  a  super- 
critical chloride-bearing  fluid  as  a  func- 
tion of  mol  fractions  of  forsterite, 
tephroite,  and  fayalite  for  olivines  in 
the  compositional  range  Fo0  82  Fa0  179 
Teph0  001  to  Foo.7oFa0.29iTeph0.oo9  at  400°C 
and  1000  bars.  The  distribution  of  the 
species  was  calculated  in  the  same 
manner  as  in  Fig.  68  for  the  same  total 
chloride  and  Si  concentrations.  Figure 
69  shows  that  raMnCi2o  increases  signif- 
icantly from  0.0298  to  0.0864  for  olivine 
containing  0.1  and  0.9  mol  %  tephroite 
in  solid  solution,  in  contrast  to  a  slight 
increase  in  the  raFeCl2o  in  the  fluid  from 
0.127  to  0.156  that  is  observed  when  the 
fayalite  increases  from  17.9  to  29.1  mol 
%.  For  an  olivine  of  the  composition 
Fo0.7oFa0  29iTepho  009  m  equilibrium  with 
a  chloride-bearing  supercritical  fluid, 
the  raMnCl2o  in  the  fluid  is  greater  than 
half  that  ofmFeCl2.  despite  the  large  dif- 
ference in  the  mol  fractions  of  tephroite 
and  fayalite  in  the  olivine.  The  com- 


AMn2S.04 
0.009      0.007       0.005      0.003       0.001 


0.70    0.72    0.74    0.76    0.78    0.80  0.82 
XMg2Si04 

Fig.  69.  Plot  of  log  rrii  vs.  the  mol  fraction  of 
forsterite  and  tephroite  for  olivines  in  the  com- 
positional range  Fo0.82  Fa0.i79Teph0.ooi  to  Fo0.70 
Fa0.29iTeph0.oo9  at  400°C  and  1000  bars,  where  i 
refers  to  the  species  MnCl2°,  FeCl2°,  Mg2  + ,  MgCl  + , 
MgCl2°. 


376 


CARNEGIE    INSTITUTION 


TABLE  24.  Distribution  of  Mn,  Fe,  and  Mg  Species  in  Supercritical  Fluids  in 
Equilibrium  with  Olivine  at  400°C  and  1  kbar 


Olivine  Composition 


TOMnCl2  /nFeCl2 


<-UB2 


ZMgCl+         mMgCl2 


Fo0.82Fao.i79Teph0.1 


0.0298       0.127        0.213       0.0974      0.0319 


F0079Fao.207Tepho.003 

0.0512 

0.135 

0.187 

0.0950 

0.0310 

FO0.7eFa0.235Teph0.005 

0.0655 

0.143 

0.168 

0.0927 

0.0302 

FO0.73Fa0.263Teph0.007 

0.0769 

0.149 

0.153 

0.0905 

0.0293 

Fo0.7oFa0.29iTepho.oo9 

0.0864 

0.156 

0.140 

0.0882 

0.0285 

*Fa,  fayalite;  Fo,  forsterite;  Teph,  tephroite. 


positions  of  the  olivine  are  similar  to 
those  in  mid-oceanic  ridge  basalts 
(Ayuso  and  Bence,  1976;  Bryan  and 
Moore,  1977),  which  contain  up  to  0.6 
mol  %  Mn2Si04  in  solid  solution.  Ad- 
ditional sources  of  Mn  in  mid-oceanic 
ridge  basalts  are  other  silicate  phases, 
such  as  pyroxenes,  and  the  oxide  phases 
magnetite,  chromite,  and  ilmenite. 
Similar  calculations  involving  pyrox- 
ene, spinel,  and  ilmenite  solid  solutions 
are  not  feasible  at  present  because  of 
their  deviation  from  ideality  and  the 
lack  of  activity  coefficients  for  these 
minerals  at  low  temperatures  and  pres- 
sures. 


The  Assemblage  Rhodonite -Quartz - 
Hematite 

The  assemblage  rhodonite-quartz- 
hematite  occurs  in  some  metamor- 
phosed manganese  ores,  where  it  is 
present  as  part  of  invariant  assem- 
blages (Dasgupta  and  Manickavasa- 
gam,  1981).  The  other  phases  are 
braunite,  bixbyite,  hausmannite,  jacob- 
site,  and  pyrolusite.  Although  ther- 
mochemical  data  are  not  available  for 
some  of  these  phases,  the  activities  of 
Mn  and  Si  in  the  assemblage  are  de- 
fined by  the  presence  of  rhodonite  and 
quartz  if  they  are  assumed  to  be  pure 
phases.  Figure  70  shows  the  molalities 
of  iron  and  manganese  in  a  supercrit- 
ical chloride  solution  in  equilibrium  with 
the  assemblage  rhodonite-quartz-he- 
matite at  500°C  and  2000  bars  as  a 
function  of  the  mol  fraction  of  hydrogen 
for  a  total  chloride  concentration  of  1.0 


molal.  The  manganese  concentration  in 
the  supercritical  fluid  is  much  greater 
than  that  of  iron.  Furthermore,  the  Mn 
and  Fe  appear  to  behave  differently  as 
a  function  of  hydrogen  fugacity  in  the 
fluid.  Thus,  for  a  given  temperature  and 
pressure  the  manganese  concentration 
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Fig.  70.  Variation  in  molalities  of  MnCl2°  and 
FeCl2°  of  supercritical  fluids  in  equilibrium  with 
the  assemblage  quartz-rhodonite-hematite  as  a 
function  of  the  mol  fraction  of  hydrogen  at  500°C 
and  2000  bars.  Open  circles,  mMnClT;  closed  cir- 
cles, ^FeCl2°- 
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in  the  fluid  increases  with  decrease  of 
hydrogen  fugacity,  whereas  that  of  iron 
decreases.  This  observation  is  evidence 
that  fH2  plays  a  significant  role  in  con- 
trolling the  fluxes  of  Mn  and  Fe  during 
interaction  of  manganese-bearing  min- 
eral assemblages  and  chloride-bearing 
fluids. 
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polythermal,  polybaric  models  of 
Stable  Isotope  Fractionation 

During  Metamorphic 
Devolatilization  Reactions* 

Douglas  Rumble  III 

Several  mathematical  models  have 
been  developed  in  this  study  to  predict 
stable  isotope  fractionation  during 
metamorphic  devolatilization  reac- 
tions. The  models  are  useful  because 


they  provide  a  means  of  comparing  lab- 
oratory results  on  (1)  phase  equilibria, 
(2)  isotope  partitioning,  and  (3)  pres- 
sure (P)-volume  (Wtemperature  (T) 
properties  of  fluids  with  mineral  assem- 
blages and  isotopic  compositions  ob- 
served in  nature.  A  unique  feature  of 
the  models  is  the  incorporation  of  hy- 
potheses about  reaction  mechanisms  and 
fluid-rock  interactions.  With  this  fea- 
ture it  is  possible  to  test  such  hy- 
potheses by  comparing  results  of 
calculations  with  analyses  of  rocks  and 
minerals.  It  is  assumed  that  during  each 
increment  of  reaction,  chemical  and  iso- 
topic equilibrium  is  maintained  be- 
tween minerals  and  fluid.  Equilibrium 
does  not  exist,  however,  between  min- 
erals participating  in  successive  incre- 
ments of  reaction.  By  this  means, 
irreversible  chemical  and  isotopic  re- 
actions may  be  approximated  by  a  se- 
ries of  "infinitesimal"  increments  of 
reversible  reactions,  a  concept  pi- 
oneered in  geochemistry  by  Helgeson 
(1968).  The  calculations  reported  herein 
have  been  greatly  facilitated  by  the  use 
of  the  new  VAX/VMS  11/780  computer. 
Models  of  isothermal,  isobaric  frac- 
tionation were  reported  earlier  (Year 
Book  79,  328-332).  These  previous 
models  took  account  of  mass-balance  ef- 
fects arising  from  varying  proportions 
of  reactants  and  products  during  the 
course  of  reaction,  as  well  as  similar 
effects  resulting  from  the  multispecies 
nature  of  metamorphic  fluids.  The  pres- 
ent models  are  more  realistic  because, 
in  addition  to  the  effects  considered  pre- 
viously, P,  T,  and  porosity  now  can  be 
varied  in  a  specified  manner  through- 
out the  course  of  reaction.  Examples  of 
the  application  of  the  models  to  a  com- 
bined dehydration-decarbonation  re- 
action are  given  below. 

The  reaction 

2Ca2Al3Si3012(0H)  +  5CaC03  +  3Si02  = 
clinozoisite         +  calcite      +  quartz  = 


^Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  79-19769. 


3Ca3Al2Si3012  +  5C02  +  H20 
garnet  +        fluid 
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has  a  steep  positive  slope  on  the  H20- 
rich  side  of  an  isobaric  T-Xco,z  diagram. 
Under  the  conditions  depicted  in  Fig. 
71 A  the  reaction  is  metastable  above 
500°C.  As  P  is  increased  at  constant  T, 
the  equilibrium  XC02  for  the  reaction 
shifts  to  smaller  values  (Kerrick  and 
Ghent,  1979).  In  the  computations  it  is 
assumed  that  reaction  begins  at  400°C 
and  that  the  rate  of  reaction  with  tem- 
perature increases  to  a  maximum  value 
at  peak  temperature  (600°C).  Pressure 
is  given  as  a  function  of  T  correspond- 
ing to  a  chosen  geothermal  gradient. 
Small  amounts  of  H20  are  added  to  the 
rock  from  an  external  reservoir  at  the 
beginning  of  each  increment  of  reaction 
to  flush  away  volatile  reaction  products 
so  that  pores  do  not  become  saturated 


with  products  (Ferry,  1980).  The  added 
H20  is  not  initially  in  oxygen  isotope 
equilibrium  or  chemical  equilibrium 
with  the  mineral  assemblage  under- 
going infiltration.  The  increment  of  H20 
then  exchanges  isotopes  with  the  min- 
eral assemblage.  This  exchange  reac- 
tion results  in  a  change  of  the  whole- 
rock  8180  value.  During  isotope  ex- 
change an  amount  of  chemical  reaction 
takes  place,  as  determined  by  equilib- 
rium XC0.2  and  the  amount  of  H20  in- 
filtrated. It  is  during  this  reaction  step 
that  isotopic  and  chemical  equilibrium 
is  attained  between  minerals  and  fluid 
species.  Finally,  the  added  H20  com- 
bined with  H20  and  C02  produced  dur- 
ing the  increment  of  mineral  reaction 
is  expelled  from  the  mineral  assem- 
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Fig.  71.  Plots  of  5180  vs.  gram  formula  weight  (GFW)  units  of  garnet  formed  by  the  reaction 
clinozoisite  (Czo)  +  quartz  (Q)  +  calcite  (cc)  =  garnet  (G)  +  C02  +  H20.  Heavy  curves  show  whole- 
rock  (WR)  8180  values.  In  both  figures  T  varied  from  400°C  at  the  start  of  reaction  to  600°C  at  the 
end  of  reaction.  In  (A),  P  varied  from  1.1  to  1.7  kbar  along  a  geothermal  gradient  of  1007km  (contact 
metamorphism).  In  (B),  P  varied  from  4.5  to  6.8  kbar  along  a  geothermal  gradient  of  25°C/km 
(Barrovian  regional  metamorphism).  Initial  value  of  5180  for  whole  rock  was  24.09<r.  Infiltrating  H20 
equals  12.5%c  8180  SMOW.  Initial  amounts  of  quartz,  calcite,  and  clinozoisite  were  2.1,  3.4,  and  1.4 
GFW  units,  respectively.  Reactants  are  exhausted,  and  rock  consists  entirely  of  garnet  at  GFW  garnet 
=  2.0.  The  value  of  the  abscissa  should  be  divided  by  3.0  to  obtain  the  extent  of  reaction  as  defined 
by  Prigogine  and  Defay  (1954,  p.  10).  Thermodynamic  data  on  minerals  from  Ferry  (1976),  P-V-T 
properties  of  fluids  from  Kerrick  and  Jacobs  (1981),  and  isotope  partitioning  from  Friedman  and 
O'Neill  (1977). 
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blage.  The  final  step  corresponds  to 
Rayleigh  distillation,  and  it,  also, 
changes  the  isotopic  composition  of  the 
mineral  assemblage.  During  the  course 
of  reaction  shown  in  Figs.  71A  and  71B, 
the  value  of  equilibrium  XC02  follows  a 
curving  path  in  P-T-XC02  space  dic- 
tated by  the  intersection  of  the  chosen 
geothermal  gradient  and  the  divariant 
equilibrium  surface.  The  volume  of  H20 
added  at  each  increment  is  controlled 
so  that  it  equals  the  specified  porosity 
of  the  rock,  in  these  examples  1%. 

Two  geothermal  gradients  were  cho- 
sen for  purposes  of  comparison.  The  first, 
used  in  computing  Fig.  71  A,  is  100°C/ 
km,  a  value  appropriate  to  near-surface 
contact  metamorphism.  The  second 
gradient,  used  for  Fig.  7 IB,  is  25°C/km, 
a  representative  value  for  deep-seated, 
Barrovian-type  regional  metamorph- 
ism. A  comparison  of  Figs.  71A  and  71B 
shows  that  selecting  different  geo- 
thermal gradients  has  a  noticeable  ef- 
fect on  oxygen  isotope  fractionation 
during  devolatilization.  In  Fig.  71 A  it 
can  be  seen  that  the  rock  did  not  come 
to  oxygen  isotope  equilibrium  with  re- 
spect to  infiltrating  water  even  upon 
completion  of  reaction.  The  rock  shown 
in  Fig.  7 IB,  however,  approached  iso- 
topic equilibrium  with  infiltrating  water 
much  more  closely  for  a  given  amount 
of  reaction  progress.  Note  that  in  Figs. 
71A  and  71B  the  temperature  interval 
over  which  reaction  occurred  is  the  same 
but  the  pressure  range  is  different.  One 
is  led  to  deduce  that  P  has  a  controlling 
effect  on  the  path  of  stable  isotope  frac- 
tionation, a  conclusion  that  appears  to 
contradict  the  well-known  theoretical 
and  experimental  result  that  isotope 
partitioning  between  pairs  of  minerals 
is  independent  of  P  (Hoering,  Year  Book 
60,  201-207;  Clayton  et  al.,  1975).  This 
apparent  discrepancy  requires  expla- 
nation. 

The  key  to  understanding  the  P  effect 
on  isotope  fractionation  paths  is  to  rec- 
ognize that  the  controlling  factor  is  the 
fractionation  between  a  multispecies 
fluid  and  a  multiphase  mineral  assem- 


blage, not  isotope  partitioning  between 
pairs  of  minerals  or  fluid  species.  Dur- 
ing the  course  of  reaction,  isotope  par- 
titioning between  mineral  pairs  changes 
as  a  function  of  temperature  alone,  but 
isotope  fractionation  between  fluid  and 
whole  rock  changes  as  the  proportions 
of  fluid  species  and  minerals  change 
(Ohmoto,  1972).  The  proportions  of  spe- 
cies and  minerals,  in  turn,  change  as  a 
function  of  extent  of  reaction,  P,  and  T. 

Pressure  strongly  controls  equilib- 
rium fluid  composition  and  equilibrium 
temperature.  In  Fig.  71  A,  which  cor- 
responds to  a  P  range  of  1.1—1.7  kbar, 
values  of  equilibrium  XC02  range  from 
0.02  to  0.33,  whereas  in  Fig.  71B  (4.5- 
6.8  kbar)  XC02  varies  from  0.004  to  0.06. 
In  order  to  achieve  a  given  amount  of 
reaction  progress  when  XCQ2  is  smaller, 
a  larger  amount  of  H20  is  required  to 
dilute  the  C02  produced  by  mineral  re- 
action. For  larger  values  of  Xco.2,  smaller 
amounts  of  H20  must  be  infiltrated.  The 
reactants  and  products  of  a  rock  sub- 
jected to  a  Barrovian  gradient  approach 
isotopic  equilibrium  with  infiltrating 
H20  more  closely  because  it  has  expe- 
rienced larger  volumes  of  infiltrating 
H20  (11.9  volumetric  water-rock  ratio 
at  the  end  of  reaction  in  Fig.  7 IB).  For 
a  high  geothermal  gradient,  as  as- 
sumed for  Fig.  71A,  however,  equilib- 
rium was  not  achieved  with  infiltrating 
H20  because  of  lower  water-rock  ratios 
(3.3,  by  volume,  at  the  end  of  reaction 
in  Fig.  71A). 

It  is  concluded  that  the  effects  of  P 
on  stable  isotope  fractionation  during 
devolatilization  reactions  are  too  large 
to  be  ignored  with  impunity.  Stable  iso- 
tope analyses  of  metamorphic  rocks  and 
minerals  cannot  be  interpreted  cor- 
rectly unless  the  pressure-temperature 
and  fluid-rock  history  of  the  samples 
are  considered. 
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CRYSTAL  STRUCTURES 


PT  Crystallographic  Study  of  the 
Gillespite  I— II  Phase  Transition* 

R.  M.  Hazen  and  L.  W.  Finger 

The  barium-iron  silicate  gillespite 
(BaFeSi4O10),  though  a  rare  mineral, 
has  been  the  subject  of  much  research 
owing  to  the  unusual  square-planar  co- 
ordination of  ferrous  iron,  and  a  high- 
pressure  phase  transition,  character- 
ized by  a  striking  red-to-blue  color 
change  below  20  kbar.  Strens  (1966)  first 
described  the  transition,  which  was 
subsequently  examined  by  absorption 
spectroscopy  ( Abu-Eid  et  al.,  Year  Book 
72,  564-567)  and  Mossbauer  spectros- 
copy (Huggins  etal.,  Year  Book  74, 408- 
410;  Year  Book  75,  756-759).  Hazen  and 
Burnham(1974, 1975)  and  Hazen  (1977), 
who  employed  high-pressure,  single- 
crystal,  x-ray  diffraction  techniques, 
were  successful  in  identifying  a  change 
from  tetragonal  to  orthorhombic  sym- 
metry at  the  phase  transition,  and  an 
associated  distortion  of  the  iron  site  from 
ideal  square-planar  coordination.  Ha- 
zen (1977)  also  discussed  mechanisms 
of  the  first-order  transition  (AV  =  1%) 
and  modes  of  twinning  induced  by  the 
reduction  of  symmetry  at  high  pres- 
sure. 

*  Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  79-19768. 


Several  questions  regarding  the  gil- 
lespite I — II  transition  remain  unre- 
solved. Hazen  and  Burnham's  single 
high-pressure  refinement  of  gillespite, 
which  was  the  first  silicate  structure  to 
be  determined  from  single-crystal,  high- 
pressure  data,  is  inadequate  both  in 
precision  and  in  the  number  of  pres- 
sures studied  to  calculate  polyhedral 
distortions  and  compressibilities.  The 
pressure  of  the  transition  is  uncertain, 
because  internal  pressure  standards 
were  not  available  to  them.  All  pre- 
vious experiments  were  performed  at 
room  temperature;  thus  the  Clausius- 
Clapeyron  slope  of  the  gillespite  I — II 
transition  is  also  unknown.  Yet  an- 
other unresolved  aspect  of  gillespite  at 
high  pressure  is  the  origin  of  an  extra 
absorption  doublet  in  Mossbauer  spec- 
tra above  30  kbar  (Huggins  et  al.,  Year 
Book  75,  756-759).  The  objectives  of  this 
study  were  to  apply  improved  high- 
pressure,  single-crystal,  x-ray  diffrac- 
tion techniques,  and  recent  combined 
high-pressure,  high-temperature  (PT) 
x-ray  techniques,  to  determine  poly- 
hedral compressibilities  of  barium  and 
iron  in  gillespite  I  and  II,  to  measure 
the  variation  of  gillespite  lattice  pa- 
rameters vs.  temperature  and  pressure, 
and  to  define  the  stability  fields  of  gil- 
lespite I  and  II. 

The  specimen  of  natural  gillespite 
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from  Fresno  County,  California  (Har- 
vard University  Mineralogical  Collec- 
tion No.  107555),  was  from  the  same 
sample  used  in  previous  x-ray  experi- 
ments. Gillespite  I  is  tetragonal,  Prince, 
a  =  7.516  A,  c  =  16.076  A,  Z  =  4.  The 
structure  has  an  8-A  subcell  parallel  to 
c,  but  alternate  left-  and  right-handed 
rotations  of  four-membered  silicate  te- 
trahedral  rings  yield  the  16-A  c  axis. 
Gillespite  II  is  orthorhombic,  P21212,  a 
=  b  =  7.4  A,  c  -  7.9  A,  Z  =  2.  All  four- 
membered  rings  in  adjacent  silicate 
layers  have  the  same  rotational  sense. 
A  flat  crystal,  120  x  120  x  35  \xm, 
was  mounted  in  a  diamond-anvil,  high- 
pressure  cell  for  x-ray  diffraction  (Ha- 
zen  and  Finger,  1982),  with  an  alcohol 
pressure  medium  and  ruby  fragments 
for  pressure  calibration.  Unit-cell  pa- 
rameters were  determined  at  nine  pres- 
sures from  1  bar  to  45  kbar  (Fig.  72). 
In  addition,  complete  sets  of  intensity 
data  for  structure  refinements  were 
made  at  1  bar  and  9,  21,  and  45  kbar. 
At  room  temperature  the  gillespite  I— 

11  transition  is  bracketed  at  18  ±  1  kbar; 
the  hysteresis  of  the  first-order,  revers- 
ible transition  is  about  1  kbar.  This 
transition  pressure  for  natural  gilles- 
pite from  California  is  intermediate  be- 
tween the  previously  reported  values  of 

12  ±  1  kbar  (Huggins  etal.,  Year  Book 
75,  756-758)  and  26  kbar  (Strens,  1966). 
Both  the  12-  and  the  18-kbar  transition 
pressures  were  determined  with  the 
same  calibration  technique;  thus,  dif- 
ferences in  the  synthetic  and  natural 
samples,  rather  than  calibration  errors, 
probably  account  for  most  of  the  ob- 
served differences. 

The  bulk  modulus  of  gillespite  I,  cal- 
culated from  four  unit-cell  measure- 
ments between  1  bar  and  18.5  kbar,  is 
0.62  ±  0.03  Mbar.  The  c  axis  is  almost 
twice  as  compressible  as  the  a  axis.  The 
bulk  modulus  of  gillespite  II,  calculated 
from  five  points  between  17.6  and  45.3 
kbar,  is  0.66  ±  0.03  Mbar.  Both  a  and 
b  of  the  orthorhombic  phase  are  signif- 
icantly less  compressible  than  c.  In  both 
phases  of  gillespite,  dimensional  changes 
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Fig.  72.  Variation  of  gillespite  unit-cell  pa- 
rameters vs.  pressure.  The  gillespite  I — II  tran- 
sition is  bracketed  at  18  ±  1  kbar.  The  slight 
overlap  of  data  for  gillespite  I  and  II  is  a  conse- 
quence of  the  1-kbar  hysteresis  of  the  first-order 
transition. 


within  the  (001)  plane  of  silicate  layers 
are  controlled  by  compression  and  dis- 
tortion of  the  corner-linked  silicon  te- 
trahedra,  whereas  dimensional  changes 
perpendicular  to  the  layers  are  con- 
trolled by  shortening  of  less  rigid  bar- 
ium-oxygen bonds. 

The  structures  of  gillespite  I  at  1  bar 
and  9  kbar,  and  of  gillespite  II  at  20 
and  45  kbar,  were  refined  (R  from  3.0 
to  4.0%;  weighted  R  from  2.4  to  4.2%) 
from  three-dimensional  intensity  data 
collected  on  an  automated  four-circle 
diffractometer.  Omega  step  scans  were 
employed  for  all  measurements,  which 
were  made  with  Nb-filtered  MoKa  ra- 
diation. Details  of  crystal  structure  re- 
finements will  be  reported  elsewhere. 

Selected  interatomic  distances  and 
angles  of  gillespite  I  and  II  (Table  25) 
reveal  several  significant  variations  of 
crystal  structure  with  pressure.  In  both 
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TABLE  25.  Selected  Interatomic  Distances  and  Angles  for  Gillespite  I  and  II  at  Four  Pressures 


Gillespite  I 

Gillespite  II 

Parameter 

1  bar 

9  kbar 

Parameter 

20  kbar 

45  kbar 

Si-Ol 

1.594(1)* 

1.578(7) 

SiA-Ol 

1.577(54) 

1.606(30) 

Si-02 

1.620(2) 

1.623(5) 

SiA-02A 

1.592(13) 

1.639(11) 

Si-02 

1.627(2) 

1.632(5) 

SiA-02B 

1.652(14) 

1.637(9) 

Si-03 

1.578(2) 

1.551(11) 

SiA-03A 

1.491(21) 

1.556(14) 

Mean  Si-0 

1.605 

1.596 

Mean  SiA-0 

1.58 

1.61 

SiB-Ol 

1.624(57) 

1.557(33) 

SiB-02A 

1.631(11) 

1.614(9) 

SiB-02B 

1.638(10) 

1.629(7) 

SiB-03B 

1.593(30) 

1.577(21) 

Mean  SiB-0 

1.62 

1.59 

Fe-03[4]t 

1.985(2) 

1.962(5) 

Fe-03A[2] 

1.953(12) 

1.921(8) 

Fe-03B[2] 

2.031(12) 

2.031(9) 

Fe-Ol[2] 

3.197(43) 

2.989(25) 

Mean  of  4  Fe-0 

1.992 

1.976 

Mean  of  6  Fe-0 

2.394 

2.314 

Ba-02t4] 

2.925(2) 

2.880(9) 

Ba-02A[2] 

2.918(20) 

2.835(12) 

Ba-03[4] 

2.747(2) 

2.768(9) 

Ba-02B[2] 

2.855(26) 

2.883(15) 

Mean  Ba-0 

2.836 

2.824 

Ba-03A[2] 

2.805(22) 

2.718(14) 

Ba-03B[2] 

2.740(18) 

2.694(12) 

Ba-03B[2] 

3.136(13) 

3.059(9) 

Mean  of  8  Ba-0 

2.830 

2.783 

Mean  of  10  Ba-0 

2.891 

2.838 

Ol-Si-02 

108.5(2) 

110.0(6) 

01-SiA-02A 

103.9(15) 

109.1(9) 

Ol-Si-02 

109.2(2) 

109.3(6) 

Ol-SiA-02B 

111.4(14) 

109.6(8) 

Ol-Si-03 

114.9(1) 

113.6(6) 

Ol-SiA-03A 

113.7(15) 

116.3(9) 

02-Si-02 

108.6(2) 

108.5(4) 

02A-SiA-02B 

107.7(9) 

107.2(6) 

02-Si-03 

105.5(1) 

105.5(5) 

02A-SiA-03A 

108.7(12) 

103.6(8) 

02-Si-03 

110.0(1) 

109.7(6) 

02B-SiA-03A 

111.0(11) 

110.5(8) 

Ol-SiB-02A 

111.2(14) 

114.0(10) 

01-SiB-02B 

113.8(14) 

111.9(9) 

01-SiB-03B 

111.4(12) 

108.6(9) 

02A-SiB-02B 

105.4(6) 

106.0(4) 

02A-SiB-03B 

109.2(12) 

108.1(8) 

02B-SiB-03B 

105.6(13) 

109.0(8) 

Si-Ol-Si 

177.4(3) 

175.8(6) 

SiA-0 1-SiB 

153.4(14) 

149.1(11) 

Si-02-Si 

151.1(2) 

149.6(7) 

SiA-02A-SiB 

159.2(6) 

152.7(13) 

SiA-02B-SiB 

138.9(13) 

137.7(6) 

03-Fe-03 

178.5(2) 

178.4(9) 

03A-Fe-03A 

154.0(20) 

153.6(12) 

03-Fe-03 

90.0 

90.0 

03A-Fe-03B 

88.0(5) 

87.5(3) 

03A-Fe-03B 

96.5(4) 

98.0(3) 

03B-Fe-03B 

160.0(18) 

155.9(12) 

*  Parenthesized  figures  represent  esd. 
tBracketed  figures  represent  bond  multiplicity. 


gillespite  I  and  II  the  average  of  all  Si- 
O  distances  is  approximately  1.60  ± 
0.01  A;  there  is  no  significant  compres- 
sion of  the  silicon  tetrahedra  within  ex- 
perimental error,  though  a  small  but 
real  compression  of  Si-0  bonds  is  con- 
sistent with  these  data.  Uncertainties 


in  oxygen  positions  have  a  large  effect 
on  individual  Si-0  distances;  thus,  es- 
timated standard  deviations  of  these  Si- 
O  distances  in  the  high-pressure  re- 
finements are  as  large  as  0.06  A.  For 
all  tetrahedra  at  all  pressures,  how- 
ever, the  bonds  between  Si  and  bridging 
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02  (within  the  four-membered  tetra- 
hedral  rings)  are  longer  than  Si-03 
(nonbridging)  or  Si-01  (bridging,  be- 
tween four-membered  rings)  bonds. 
These  systematic  differences  in  Si-0 
distance  reflect  both  the  Si-O-Si  angles 
and  the  degree  of  bond  saturation  (Ha- 
zen  and  Burnham,  1974). 

The  ferrous  iron  site  of  gillespite  I, 
which  has  an  ideal  square-planar  con- 
figuration, undergoes  significant 
compression,  though  no  distortion,  be- 
tween 1  bar  and  9  kbar.  In  gillespite  II, 
however,  this  site  is  significantly  dis- 
torted from  square-planar  coordination 
to  an  extremely  flattened  tetrahedral 
configuration.  The  average  distance  of 
the  four  Fe-0  bonds  increases  by  ap- 
proximately 2%.  Such  an  increase  is  of- 
ten the  consequence  of  an  increase  in 
cation  coordination  number,  and  two 
additional  long  (3.2  A)  Fe-0  distances 
are  observed  in  the  20-kbar  refinement. 
Furthermore,  these  two  long  Fe-0  bonds 
are  extremely  compressible — at  45  kbar 
these  long  Fe-0  distances  are  less  than 
3.0  A — and  may  help  to  explain  the 
changing  character  of  the  Mossbauer 
spectra  above  30  kbar. 

The  barium  site  of  gillespite  I  has  8- 
fold  distorted  cubic  coordination  with 
four  Ba-03  bonds  of  2.747  A  and  four 
Ba-02  bonds  of  2.925  A  under  room  con- 
ditions. At  9  kbar  the  site  becomes  more 
regular,  with  Ba-02  bonds  compressing 
to  2.880  A  and  Ba-03  bonds  expanding 
to  2.768  A.  Above  the  transition  to  gil- 
lespite II  the  average  of  eight  Ba-0  bonds 
is  slightly  greater  than  below  the  tran- 
sition; the  change  is  once  again  sugges- 
tive of  an  increase  in  cation  coordination. 
In  fact,  two  more  Ba-03  bonds,  which 
are  slightly  longer  than  3  A,  are  found 
in  the  high-pressure  form.  Further- 
more, these  longest  Ba-0  bonds  are  also 
the  most  compressible  of  the  ten.  The 
volume  discontinuity  at  the  gillespite 
I — II  transition,  which  is  reversible  but 
of  first  order,  is  thus  perhaps  best  de- 
scribed in  terms  of  increased  coordi- 
nation of  both  iron  and  barium. 

A  second  gillespite  single  crystal  was 


mounted  in  a  diamond  cell  modified  for 
high-temperature,  single-crystal,  x-ray 
diffraction  (Hazen  and  Finger,  1981a). 
Calcium  fluoride  was  included  in  the 
mount  as  an  internal  pressure  standard 
(Hazen  and  Finger,  1981b).  Unit-cell 
dimensions  were  measured  under  14  PT 
conditions,  and  the  gillespite  I — II  tran- 
sition was  reversed  at  85°C  (19.5  ±  1 
kbar)  and  at  160°C  (21.5  ±  1.5  kbar), 
in  addition  to  the  room-temperature 
value  of  18  ±  1  kbar.  The  transition  in 
the  PT  cell  was  always  marked  by  twin- 
ning, and  consequent  splitting  and  in- 
tensity loss  for  the  reflections,  in  the 
high-pressure  phase.  It  was  thus  not 
possible  to  obtain  precise  lattice  param- 
eters of  gillespite  II  under  PT  condi- 
tions. Furthermore,  boron  carbide 
backing  disks  of  the  PT  cell  (Hazen  and 
Finger,  1981a)  fractured  above  25  kbar 
at  250°C,  and  reversals  of  the  transition 
above  160°C  were  not  completed.  The 
PT  data  obtained,  however,  were  suf- 
ficient to  define  isochores  for  gillespite 
I  and  to  bracket  the  gillespite  I — II  tran- 
sition below  200°C.  The  Clausius-Cla- 
peyron  slope  is  positive,  as  predicted  by 


GILLESPITE-BaFeSuO,, 


10 
Pressure,  kbar 

Fig.  73.  Nomogram  of  gillespite  unit-cell  vol- 
ume (subcell  volume  in  gillespite  I)  vs.  pressure 
and  temperature.  The  gillespite  I — II  transition  is 
marked  by  a  volume  discontinuity  but  little  change 
in  compressibility. 
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Hazen  and  Finger  (1979),  with  a  value 
of  27  ±  9bar/°C. 

Figure  73,  which  illustrates  the  gil- 
lespite  I — II  transition,  is  a  nomogram 
of  unit-cell  volume  vs.  temperature  and 
pressure.  The  positive  PT  transition 
slope  of  gillespite  is  approximately  equal 
to  the  slopes  of  gillespite  isochores.  This 
observation  is  consistent  with  the  pre- 
diction of  Hazen  and  Finger  ( 1979)  that 
polyhedral  tilting  is  the  mechanism  of 
the  gillespite  transition.  At  a  critical 
geometrical  limit  of  the  structure  (per- 
haps the  volume  or  distortion  of  the 
barium  site),  the  structure  transforms. 
Thus  the  transition  is  most  closely  cor- 
related with  molar  volume,  rather  than 
any  thermal  or  pressure  effect  per  se. 
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A  Reversible  Phase  Transition  in 
Sodium  Tungstate  Perovskite  at 

12  KBAR* 
R.  M.  Hazen  and  L.  W.  Finger 

Silicates  with  the  perovskite  struc- 
ture have  been  proposed  as  major  min- 


eral phases  in  the  earth's  lower  mantle 
(Yagi  et  al,  Year  Book  78,  614-618;  Bell 
et  al.,  Year  Book  78,  618-621;  Mao  et 
al,  Year  Book  78,  621-625).  The  per- 
ovskite structure  consists  of  a  three-di- 
mensional framework  of  corner-linked 
octahedra.  A  perovskite  unit  cell  is  de- 
fined by  eight  adjacent  octahedra,  which 
surround  a  large  12-coordinated  cation 
site  at  the  center  of  each  cell.  Whereas 
the  ideal  perovskite  structure  is  cubic, 
numerous  distortions  to  forms  of  lower 
symmetry  are  known  (Megaw,  1972, 
1973).  These  lower-symmetry  struc- 
tures, which  have  been  identified  pri- 
marily from  measurements  on  a  wide 
range  of  synthetic  perovskites,  can  be 
classified  into  three  types.  Cation  dis- 
placement transitions,  which  are  dis- 
played by  the  important  class  of 
ferroelectric  perovskites  (e.g.,  BaTi03), 
involve  the  offset  of  octahedrally  coor- 
dinated cations  from  positions  of  high 
symmetry.  Some  perovskite  transitions 
result  from  octahedral  distortions,  which 
are  also  commonly  coupled  with  cation 
displacements.  A  third  group  of  per- 
ovskite transitions  results  from  tilting 
of  adjacent  corner-linked  octahedra.  Of 
these  types,  octahedral  tilting  com- 
monly has  the  most  significant  effect 
on  molar  volume,  and  tilt  transitions 
are  thus  expected  to  play  an  important 
role  in  the  behavior  of  silicate  perov- 
skites at  very  high  pressure. 

The  sodium  tungstate  perovskites 
(NaxW03),  in  which  only  tilt  transitions 
are  known,  provide  a  possible  analog  of 
the  very-high-pressure  MgSi03  phase, 
which  is  not  available  in  single  crys- 
tals. Clarke  (1977)  used  high-temper- 
ature, single-crystal,  x-ray  photography 
to  identify  a  sequence  of  four  phases 
related  by  polyhedral  tilting  in  this  sys- 
tem. Specimens  of  the  same  material 
used  in  the  high-temperature  experi- 
ments were  generously  supplied  by  Roy 
Clarke  (University  of  Michigan)  for 
high-pressure  investigation. 


*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  79-19768. 
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A  single  crystal  of  Na062WO3  (tetra- 
gonal IAImmm;  Z  =  8;  c  <  a  —  1.1  A; 
pseudocubic  subcell,  a  =  3.85  A)  was 
studied  as  a  function  of  pressure  with 
a  diamond-anvil  pressure  cell  for  sin- 
gle-crystal x-ray  diffraction  (Hazen  and 
Finger,  1982).  An  alcohol  mixture  was 
employed  as  the  hydrostatic  pressure 
medium.  Unit-cell  dimensions  were  de- 
termined at  eleven  pressures  from  1  bar 
to  37  kbar  (Fig.  74).  The  crystal  ap- 
peared to  have  cubic  dimensions  at  1 
bar  and  23°C,  on  the  basis  of  prelimi- 
nary diffractometry,  although  Clarke 
(1977)  reported  that  the  a  axis  is  ap- 
proximately 0.1%  longer  than  c.  High- 
angle  (2®  >  90°)  scans  of  reflections  of 
class  (hOO),  (hhO),  and  (hhh)  revealed 
splitting  of  both  MoKal  and  MoKa2  re- 
flections, with  the  weaker  component 
at  approximately  0.1°  20  higher  angle 
for  95°  reflections.  These  observations 
are  consistent  with  an  intimately 
twinned  tetragonal  phase  with  a  0.1% 
greater  than  c.  Twinning  of  the  tetra- 
gonal phase,  which  often  occurs  on  a 
very  fine  scale  in  pseudocubic  perov- 
skites,  results  in  overlap  of  (hOO)  and 
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Fig.  74.  Unit-cell  parameters  of  Na0.62WO3 
perovskite  vs.  pressure.  Below  12  kbar  the  twinned 
tetragonal  phase  appears  to  be  dimensionally  cu- 
bic. Above  12  kbar  c  is  greater  than  a.  Axial  lengths 
refer  to  the  pseudocubic  ideal  subcell  (a  =  3.8  A). 


(001)  reflections  along  all  three  orthog- 
onal axes,  thus  obscuring  the  true  sym- 
metry of  the  phase.  The  bulk  modulus 
of  this  room-pressure  phase,  calculated 
from  data  on  the  unit-cell  volume  at  six 
pressures  from  1  bar  to  11.9  kbar,  is 
1.26  ±  0.05  Mbar. 

Below  12  kbar  reflections  remain  rel- 
atively sharp  and  of  constant  intensity. 
The  perovskite  presumably  remains  te- 
tragonal with  a  approximately  0.1% 
longer  than  c,  as  observed  by  Clarke  at 
high  temperature.  At  higher  pressure, 
however,  the  diffraction  maxima  split 
and  become  weaker  as  the  perovskite 
transforms  reversibly  to  a  dimension- 
ally  tetragonal  form  with  c  greater  than 
a.  At  30  kbar,  for  example,  the  c  axis 
of  Na0.62WO3  is  0.3%  longer  than  a.  The 
tetragonal  a  axis  is  approximately  50% 
more  compressible  than  c  and  is  also 
more  compressible  than  the  axes  of  the 
room-pressure  phase.  This  compression 
behavior  implies  an  increase  in  the  rate 
of  octahedral  tilting  perpendicular  to  a 
in  the  high-pressure  phase.  The  bulk 
modulus  of  the  high-pressure  phase  is 
1.10  ±  0.05  Mbar,  or  more  than  10% 
less  than  the  room-pressure  phase.  This 
decrease  in  bulk  modulus  at  high  pres- 
sure is  additional  evidence  that  the  high- 
pressure  tetragonal  phase  has  more 
tilting  degrees  of  freedom. 

The  bulk  modulus  and  properties  of 
silicate  perovskites  will  also  be  sensi- 
tive to  the  symmetry  and  magnitude  of 
tilting  of  silicon  octahedra  about  the 
more  compressible  Mg  and  Fe  sites. 
These  tilted  perovskites  transform  rap- 
idly and  reversibly,  and  it  is  essential, 
therefore,  to  study  the  properties  of  sil- 
icate perovskites  in  situ  at  the  pres- 
sures and  temperatures  corresponding 
to  conditions  of  the  earth's  mantle. 
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Crystal  Structure  of  Monoclinic 
Ilvaite* 

L.  W.  Finger,  R.  M.  Hazen,  and  J.  M.  Hughes  f 

Ilvaite,  CaFe3  +  Fe2  +  2Si?08(OH),  typ- 
ically occurs  as  a  late  mineral  in  Ca- 
Fe-Si  skarn  deposits  (Burt,  Year  Book 
70, 184-197)  or  as  an  alteration  product 
of  fayalite  (H.  R.  Naslund,  J.  M.  Hughes, 
and  R.  W.  Birnie,  in  preparation).  The 
structure  of  this  mineral,  previously 
known  as  lievrite,  was  first  studied  by 
Takeuchi  (1948)  and  Ito  (1950),  who 
proposed  an  atomic  arrangement  con- 
taining distinct  Si04  groups;  however, 
the  extent  of  agreement  between  cal- 
culated and  observed  intensities  was  not 
acceptable.  Belov  and  Mokeeva  (1954) 
reinvestigated  the  mineral  and  showed 
that  it  contains  Si207  groups.  The 
structure  was  refined  in  the  orthorhom- 
bic  space  group  Pbnm  by  Beran  and 
Bittner  (1974)  from  x-ray  film  intens- 
ities and  by  Haga  and  Takeuchi  (1976) 
from  neutron-intensity  data.  Although 
powder  diffraction  studies  by  Bartho- 
lomew et  al.  (1968)  and  Dietrich  (1972) 
had  shown  the  existence  of  a  monoclinic 
polymorph  of  ilvaite,  Beran  and  Bittner 
(1974)  and  Haga  and  Takeuchi  (1976) 
could  find  no  deviation  from  ortho- 
rhombic  symmetry  in  their  photo- 
graphs. In  studies  of  ilvaite  from  Elba 
(Dartmouth  sample  No.  Dp  631-7), 
however,  an  interaxial  angle  of  90.209° 
±  0.005°  was  observed.  It  was  decided, 
therefore,  to  refine  the  structure  of  this 
variety,  which  is  definitely  monoclinic. 
As  this  report  was  being  prepared,  it 
was  learned  (Y.  Takeuchi,  personal 
communication)  that  the  sample  of  Haga 

*Work  supported  in  part  by  National  Science 
Foundation  grant  EAR  79-19768. 
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Oxford,  Ohio. 


and  Takeuchi  (1976),  also  from  Elba, 
has  an  angle  of  90.18°  and  is  therefore 
not  orthorhombic. 

A  chip  of  ilvaite,  0.20  x  0.16  x  0.10 
mm,  was  mounted  on  the  single-crystal 
diffractometer,  and  the  lattice  con- 
stants were  refined  from  the  diffractom- 
eter angles  of  17  reflections  that  had 
been  observed  with  the  eight-reflection 
technique  of  King  and  Finger  (1979). 
Lattice  constants  were  refined  with  the 
program  described  by  Ralph  and  Finger 
(1982).  The  original  cell  was  trans- 
formed to  agree  with  normal  mono- 
clinic conventions  (b  unique  and  c  <  a), 
and  the  resulting  space  group  was  P21/ 
a.  The  corresponding  orthorhombic 
group  would  be  Pnam.  A  hemisphere  of 
intensity  data  with  20  =£  60°  for  MoKa 
radiation  (X  =  0.7093  A)  was  measured. 
These  data  were  corrected  for  absorp- 
tion (|X/  =  76.6  cm-1)  and  Lorentz-po- 
larization  effects.  Approximately  3700 
measured  intensities  were  averaged  for 
symmetry  both  as  monoclinic  and  as  or- 
thorhombic. Although  major  deviations 
from  an  orthorhombic  intensity  distri- 
bution were  not  observed,  there  were 
significant  overall  effects,  as  the  inter- 
nal disagreement,  (S|F  -  F\)feF  ,  was 
3.0%  for  monoclinic  symmetry  and  4.6% 
for  orthorhombic  symmetry.  These  small 
differences  would  be  difficult  to  detect 
with  film  data. 

The  composition  of  additional  chips 
of  the  material  was  measured  with  the 
electron  microprobe.  The  mineral  for- 
mula, with  hydroxyl  assumed,  is 
CaFe2.73  Al0.12Mno.o7  Mg0.04  Si2  08(OH). 

The  structure  results  of  Beran  and 
Bittner  (1974)  were  transformed  into 
the  new  space  group,  and  refinement 
was  begun.  To  eliminate  possible  prob- 
lems of  correlation  between  portions  of 
the  structure  related  by  the  orthorhom- 
bic pseudosymmetry,  the  initial  refine- 
ment was  begun  with  orthorhombic 
constraints.  Next,  atoms  that  had  been 
held  on  a  pseudomirror  were  released 
from  these  constraints.  Finally,  all  con- 
straints were  removed.  Convergence  to 
R   =  0.032  with  anisotropic  tempera- 
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ture  factors  was  attained  without  dif- 
ficulty; the  correlations  are  small,  and 
in  retrospect,  the  procedure  described 
above  was  not  necessary.  One  of  the 
largest  positive  features  of  difference 
Fourier  maps  was  between  0(6)  and 
0(7),  near  the  position  found  for  hydro- 
gen by  Haga  and  Takeuchi  (1976). 
Crystal  data  and  refinement  results  are 
shown  in  Table  26  and  refined  atomic 
parameters  are  given  in  Table  27. 

A  second  refinement,  with  averaged 
data  based  on  orthorhombic  symmetry, 
was  performed  in  space  group  Pnam. 
Although  these  data  had  poorer  inter- 
nal agreement,  the  refinement  con- 
verged to  R  =  0.030,  better  than  the 
monoclinic  result.  The  averaging  pro- 
cess has  therefore  resulted  in  a  data  set 
that  better  describes  a  hypothetical  av- 
erage structure  but  has  no  validity. 

It  is  tempting  to  speculate  that  im- 
purities are  involved  in  the  deviation 
from  orthorhombic  symmetry.  Bunno 
(1980)  studied  the  x-ray  powder  pat- 
terns of  a  wide  variety  of  ilvaites  and 
found  that  the  content  of  Mn,  which  is 
the  most  abundant  impurity,  is  not  cor- 
related with  monoclinicity.  He  did  not 
attempt  a  correlation  for  other  ele- 
ments. 

The  ideal  formula  for  orthorhombic 
ilvaite  is  consistent  with  Fe3+  in  M(2) 
and  Fe2+  in  M(l);  however,  Beran  and 


TABLE  26.  Unit-Cell  Parameters  at  19°C  and 
Crystal  Data  for  Monoclinic  Ilvaite 


a,  A 

13.0103(5) 

6,  A 

8.8039(4) 

c,k 

5.8517(3) 

3,  deg. 

90.209(5) 

v,A3 

670.26(6) 

Crystal 

size, 

mm 

0.20  x  0.16  x  0.10 

(jl/,  cm  " 

L 

76.6 

R 

0.032 

wR 

0.040 

No.  obs. 

I>2 

Of 

1735 

Bittner  (1974)  used  bond  distance  and 
NMR  measurements  to  show  that  M(2) 
contains  Fe2+  and  M(l)  is  statistically 
occupied  by  Fe2+  and  Fe3  +  .  The  ex- 
pected location  for  Mn  is  in  M(2)  as  found 
by  Haga  and  Takeuchi  (1976).  The  bond 
distances  for  the  present  material  (Ta- 
ble 28)  indicate  a  significant  difference 
in  the  mean  M-0  distances  for  M(la) 
and  M(lb),  which  would  be  identical  if 
the  symmetry  were  orthorhombic.  Ca- 
tion ordering  of  Fe2  + ,  Fe3  + ,  Al,  and  Mg 
between  these  two  positions  probably 
results  in  the  monoclinic  symmetry.  Al- 
though ordering  of  Fe2  +  and  Fe3  +  be- 
tween M(la)  and  M(lb)  could  occur  even 
for  the  ideal  composition,  the  deviation 
from  orthorhombic  lattice  geometry  and 
intensity  distribution  would  be  very 
difficult  to  observe.  If  this  interpreta- 
tion is  correct,  ilvaite  is  the  first  ex- 


TABLE  27.  Atomic  Parameters  for  Monoclinic  Ilvaite 


Atom 

X 

y 

z 

Beq. 

M(la) 

0.89013(3) 

0.05000(5) 

0.00784(8) 

0.44(1) 

M(lb) 

0.88998(3) 

0.05172(5) 

0.49229(8) 

0.41(1) 

M(2) 

0.94089(4) 

0.74010(5) 

0.24895(8) 

0.45(1) 

Ca 

0.81281(5) 

0.37031(7) 

0.75233(11) 

0.46(1) 

Sid) 

0.95957(7) 

0.36876(10) 

0.24939(15) 

0.26(1) 

Si(2) 

0.67938(6) 

0.22730(10) 

0.25163(15) 

0.27(1) 

0(1) 

0.00983(18) 

0.02954(26) 

0.73972(41) 

0.69(4) 

0(2a) 

0.93698(18) 

0.27263(26) 

0.01645(39) 

0.45(3) 

0(2b) 

0.93561(18) 

0.27281(26) 

0.48262(39) 

0.43(3) 

0(3) 

0.77749(16) 

0.10965(26) 

0.25443(38) 

0.43(3) 

0(4a) 

0.67090(17) 

0.32809(26) 

0.01882(39) 

0.51(3) 

0(4b) 

0.67033(17) 

0.33092(26) 

0.48190(39) 

0.50(3) 

0(5) 

0.58521(17) 

0.10068(26) 

0.25281(38) 

0.47(3) 

0(6) 

0.60196(18) 

0.02598(26) 

0.75154(42) 

0.64(4) 

0(7)-OH 

0.79775(17) 

0.10966(26) 

0.74532(39) 

0.40(3) 

H 

0.753 

0.042 

0.718 
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TABLE  28.  Selected  Interatomic  Distances 
in  Monoclinic  Ilvaite 


M(la)-0(1) 

2.086(2) 

Ca-0(2a) 

2.392(2) 

-0(1) 

2.222(2) 

-0(2b) 

2.408(2) 

-0(2a) 

2.053(2) 

-0(3) 

2.413(2) 

-0(3) 

2.126(2) 

-0(4a) 

2.449(2) 

-0(4a) 

2.114(2) 

-0(4b) 

2.457(2) 

-0(7)0H 

2.017(2) 

-0(5) 

2.424(2) 

Mean 

2.103 

-0(7)OH 

2.303(2) 

Mean 

2.407 

Mdb)-O(l) 

2.017(2) 

-0(1) 

2.133(2) 

Si(l)-0(2a) 

1.630(2) 

-0(2b) 

2.036(2) 

-0(2b) 

1.636(2) 

-0(3) 

2.080(2) 

-0(5) 

1.657(2) 

-0(4b) 

2.102(2) 

-0(6) 

1.599(2) 

-0(7)0H 

1.976(2) 

Mean 

1.630 

Mean 

2.057 

Si(2)-0(3) 

1.644(2) 

M(2)-0(l) 

2.128(2) 

-0(4a) 

1.629(2) 

-0(2a) 

2.229(2) 

-0(4b) 

1.632(2) 

-0(2b) 

2.246(2) 

-0(5) 

1.656(2) 

-0(4a) 

2.270(2) 

Mean 

1.640 

-0(4b) 

2.287(2) 

-0(6) 

1.966(2) 

H-0(6) 

1.98 

Mean 

2.188 

H-0(7) 

0.84 

ample  of  ordering  between  different 
valence  states  of  the  same  element  in 
sites  with  the  same  topology. 

Bunno  (1980)  suggested  that  ilvaites 
with  low  monoclinicity  from  skarns  have 
an  association  with  primary  skarn  zon- 
ing and  are  frequently  found  with 
sphalerite,  galena,  and  arsenopyrite; 
whereas  ilvaites  with  high  monoclin- 
icity form  as  veins  or  pocket-like  ag- 
gregates within  primary  skarn  minerals. 
He  postulated  that  the  former  type  is 
disordered  because  of  a  higher  temper- 
ature of  formation.  Upon  cooling,  such 
a  disordered  material  would  probably 
tend  to  become  ordered.  It  is  possible, 
however,  that  the  mechanism  of  nu- 
cleation  might  lead  to  such  a  domain 
structure  that  the  x-ray  pattern  is  that 
of  an  orthorhombic  average.  Studies  of 
other  samples  are  being  undertaken  to 
test  these  ideas. 
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Fourier-Transform  Infrared 

Measurements  of  Methane  at 

High  Pressures* 

J.  Xu,  T.  C.  Hoering,  H.  K.  Mao,  P.  Wong, 
and  P.  M.  Bell 

Solid  methane,  stable  at  high  pres- 
sures, is  of  great  interest  as  a  phase 
that  probably  occurs  in  the  interiors  of 
planets.  The  nature  of  the  intermolec- 
ular  bonds  and  the  resulting  phase  fields 
at  high  pressure  are  of  fundamental  im- 
portance and  have  been  the  object  of 
study  within  the  past  two  years  in  ex- 
periments with  the  diamond-window, 
high-pressure  cell.  The  crystal  struc- 
tures (Hazen  et  al.,  Year  Book  79,  348- 
351)  determined  in  situ  led  to  compar- 
ison with  the  behavior  of  analogous 
compounds,  methyl  and  ethyl  alcohol 
(Mammone  et  al.,  1980).  Infrared  data 
on  methane  at  high  pressures  are  needed 
in  the  present  study,  and  it  has  been 
possible  to  obtain  high-precision  data 
on  methane  samples  held  under  pres- 
sure to  310  kbar  by  means  of  the  Four- 
ier-transform infrared  interferometer. 

Samples  of  methane  were  pumped  into 
the  sample  chamber  of  the  diamond- 
window,  high-pressure  cell  with  a  gas- 
loading  system  (see  Bell  and  Mao,  this 
Report).  The  diamond  anvils  act  as 
transmission  windows  to  infrared  ra- 
diation with  varying  efficiency,  de- 
pending on  the  wavelength  of  radiation 
and  on  the  type  of  diamond  in  the  cell. 
Two  types  of  diamond  were  used  in  the 
present  study,  types  I  and  II,  having 
transmission  windows  above  2500  and 
below  1500  wavenumbers,  respectively. 
The  parallel  pressure  faces  of  the  dia- 
monds act  as  an  interferometer  of  fixed 
separation  at  a  given  constant  pressure 
and  temperature.  Thus,  superimposed 
upon  the  combined  infrared  spectra  of 
the  solid  methane  sample  and  the  dia- 

*  Research  supported  in  part  by  National  Aero- 
nautics and  Space  Administration  grant  NAGW- 
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monds  themselves  is  an  interferogram 
from  which  the  thickness  or  index  of 
refraction  can  be  determined.  The  in- 
dex of  refraction  can  be  used  to  calcu- 
late the  polarizability  of  the  sample,  and 
the  density  of  the  sample  can  be  deter- 
mined by  the  Lorentz-Lorentz  relation- 
ship. The  infrared  spectra  of  the 
diamonds,  the  interferogram,  and  other 
sources  of  background  are  accumulated 
and  subtracted  from  the  spectrum  of  the 
sample. 

Absorbance  of  methane  is  plotted  at 
several  pressures  as  a  function  of  in- 
frared frequency  in  Fig.  75.  Three  sets 
of  absorption  bands,  at  1350,  3100,  and 
4400  wavenumbers,  are  associated  with 


4900  4400    3900  3400   2900    2400    1900     1400     900     400 
Wavenumbers,  cm"1 

Fig.  75.  Fourier-transform  infrared  spectra  of 
liquid  and  solid  methane  at  several  pressures  in 
the  range  11.5-310  kbar. 
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vibrational  frequency  band  assign- 
ments v4  and  v3  and  the  combination  vc, 
respectively  (Chapados  and  Cabana, 
1972;  Chapados  and  Chamberland, 
1976).  Spectra  of  methane  fluid  are 
shown  in  Fig.  75  at  11.5  kbar  (pressures 
were  calibrated  by  the  ruby-fluores- 
cence pressure  gauge;  Mao  et  al.,  1978). 
At  pressures  above  15  kbar,  methane 
crystallizes  to  a  cubic  phase  (fee),  ten- 
tatively identified  as  methane  I  (Year 
Book  79,  348-351).  At  pressures  of  ap- 
proximately 50  kbar  a  phase  change  re- 
sults in  changes  in  v3  and  vc. 

Figure  75  shows  the  infrared  spectra 
of  solid  methane  in  the  pressure  range 
15-310  kbar.  Reference  should  be  made 
to  the  observed  Raman  modes  of  meth- 
ane (Year Book  79,  348).  Peak  positions 
of  the  bands  and  combination  have  been 
plotted  in  Figs.  76  and  77  on  the  basis 
of  the  spectra  shown  in  Fig.  75. 

The  absorption  band  vc,  central  near 
3040  cm  *  at  20  kbar,  shifts  discontin- 
uously  to  3250  cm  :  as  the  pressure  is 
increased  to  310  kbar.  Discontinuities 
occur  at  50  kbar,  at  the  optically  ob- 
served phase  change,  and  at  100-125 
kbar,  where  the  occurrence  of  another 
phase  change  is  suspected,  but  not  yet 
confirmed. 

Pressure  dependence  of  three  split 
bands  of  the  vc  set  is  shown  in  Fig.  77. 
Discontinuities  in  slope  of  the  pressure 
shift  occur  at  50  kbar  and  at  100-120 
kbar.  The  group  actually  has  only  two 
observable  bands,  at  4230  and  4325 
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Fig.  77.   Pressure  shift  of  the  frequencies  of  the 
three  vc  combination  bands  in  solid  methane. 


Fig.  76.   Pressure  shift  of  the  frequencies  of  the 
v3  band  of  methane. 


cm"1,  at  20  kbar.  The  third  band,  at 
4585  cm  " 1,  appears  at  about  50  kbar  at 
the  phase  transition.  The  three  bands 
become  stronger  with  increasing  pres- 
sure as  the  fundamental  stretching  band 
v3  becomes  less  intense  over  the  pres- 
sure range. 
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X-Ray  Diffraction  Data  on  a 
Phase  Transition  in  Methane* 

G.  Zou,  H.  K.  Mao,  and  P.  M.  Bell 

Methane,  CH4,  is  an  important  phase 
in  geochemical  models  of  planetary 
bodies,  and  hence  the  stable  solid  phases 
of  methane  have  been  the  object  of  ex- 
tensive study.  Methane  as  a  gas,  stable 
at  1  bar  pressure  and  room  tempera- 
ture, solidifies  when  cooled  to  cryogenic 
temperatures  or  pressurized  at  high 
temperatures.  Hazen  et  al.  {Year  Book 
79,  348-351)  studied  solid  methane  at 
high  pressure  and  room  temperature  by 
single-crystal  x-ray  diffraction  tech- 
niques. They  observed  methane  to  crys- 
tallize to  a  simple,  face-centered  cubic 
(fee)  structure.  The  crystal  persisted  up 
to  a  pressure  of  51  kbar  (at  room  tem- 
perature), the  same  pressure  at  which 
Sharma  et  al.  (Year  Book  79,  351-355) 
observed  a  possible  phase  change  in  a 
parallel  study  of  the  Raman  modes  of 
solid  methane.  Similar  phenomena  of 
solid  methane  were  noted  in  observa- 
tions of  the  infrared  spectra  (Xu  et  al., 
this  Report),  which  are  also  consistent 
with  the  interpretation  of  a  phase 
change. 

*Research  supported  in  part  by  National  Aero- 
nautics and  Space  Administration  grant  NAGW- 
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In  the  present  study,  x-ray  diffraction 
data  on  solid  methane  were  obtained  in 
the  diamond- window,  high-pressure  cell. 
Several  small  ruby  crystals  were  sur- 
rounded in  the  sample  chamber  of  the 
cell  for  pressure  calibration  by  the  ruby- 
fluorescence  technique  (Mao  et  al.,  1978). 
Diffraction  data  on  polycrystalline 
methane  were  obtained  in  situ  at  high 
pressure  by  a  high-brilliance  ( 1200  k\V7 
cm2)  Mo  x-ray  source.  The  microfocus 
x-ray  spot  source  was  0.1  x  0.1  mm  at 
a  6°  take-off  angle.  A  Johannsen-type 
source  monochromator  was  used  to  re- 
focus  the  MoKal  radiation  to  a  line  of 
0.1-mm  width.  A  slit  0.05  mm  wide  was 
positioned  normal  to  the  focused  line  to 
limit  the  beam  to  a  50-  x  100-(jim  cross 
section  that  impinged  on  the  sample. 
The  sample  was  cylindrical,  conform- 
ing to  the  shape  of  the  sample  chamber 
of  the  high-pressure  cell  (diameter  = 
250  fxm;  height  =  50  (xm). 

At  low  temperatures  close  to  0  K  and 
at  atmospheric  pressure,  four  phases  of 
methane  are  known  to  crystallize  in  the 
cubic  and  tetragonal  structures.  It  was 
suggested  by  Hazen  et  al.  (Year  Book 
79,  348-351)  that  methane  phase  I  (fee 
structure),  which  is  stable  close  to  0  K 
and  also  at  room  temperature,  might 
transform  to  phase  III  (tetragonal)  at 
50  kbar.  The  present  data  do  not  sup- 
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Fig.  78.  X-ray  diffraction  d  values  of  a  new  high-pressure  phase  of  methane  (methane  phase  V) 
at  several  pressures  above  50  kbar.  Shown  for  comparison  are  the  d  values  of  the  tetragonal  phase 
(methane  phase  III). 
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port  this  suggestion,  however,  as  shown 
in  Fig.  78.  The  d  values  of  the  new  high- 
pressure  phase  are  different  from  those 
of  methane  phase  I,  and  they  are  also 
different  from  those  of  methane  phase 
III.  The  pattern  of  the  50-kbar  phase 
cannot  be  indexed  by  either  phase. 

The  experiments  were  run  in  the 
pressure  range  60-127  kbar,  293  K,  as 
shown  in  Fig.  78.  The  shift  of  the  d  val- 
ues as  a  function  of  pressure  is  an  ap- 
proximate measure  of  the  degree  of 
compression. 

The  present  x-ray  diffraction  pat- 
terns of  the  new  phase  (herein  provi- 
sionally called  methane  V)  contain 
sharp,  but  spotty  lines,  suggesting  that 
the  sample  is  composed  of  a  few  large 
crystals  plus  a  polycrystalline  aggre- 
gate. Thus,  it  may  be  possible  to  deter- 
mine the  structure  of  the  new  phase  by 
multiple,  single-crystal,  x-ray  diffrac- 
tion methods  such  as  those  used  by  Ha- 
zen  et  al.  {Year  Book  79,  348-351)  for 
the  study  of  argon  at  high  pressure. 
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Experimental  Equation  of  State 
of  Crystalline  Argon  at  600  kbar* 

G.  Zou,  H.  K.  Mao,  and  P.  M.  Bell 

Solid  argon  is  one  of  the  first  crys- 
talline noble  gases  to  be  studied  stati- 
cally at  high  temperature  (293  K)  and 
high  pressure  (Hazen  et  al.,  Year  Book 
79,  348-351).  Argon  is  more  abundant 
than  aluminum,  calcium,  sodium,  or 
nickel  in  the  solar  system  (Zharkov  et 
al.,  1978),  and  the  present  experimen- 
tal study  of  argon  is  of  fundamental  in- 
terest, therefore,  not  only  in  comparing 
values  of  atomic  potentials,  lattice  dy- 

*Research  supported  in  part  by  National  Aero- 
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namics,  and  solid-state  properties  with 
theoretical  models,  but  also  in  under- 
standing the  properties  of  argon  as  a 
component  in  rocks,  meteorites,  and  the 
atmospheres  of  planetary  bodies. 

Experiments 

Ultrapure  argon  was  pumped  under 
a  pressure  of  2  kbar  into  the  sample 
chamber  of  the  diamond- window,  high- 
pressure  cell  (Bell  and  Mao,  this  Re- 
port). Several  small  ruby  crystals  (grain 
diameters  of  approximately  10  |xm)  were 
included  in  the  sample  chamber  for 
pressure  calibration  with  reference  to 
the  ruby-fluorescence  pressure  gauge 
(Mao  et  al.,  1978).  The  unit-cell  volume 
of  argon  was  determined  by  x-ray  dif- 
fraction of  MoKal  radiation. 

The  experiments  were  run  at  room 
temperature  (293  K),  starting  at  a  pres- 
sure of  37.9  kbar,  at  which  point  solid 
argon  was  in  a  polycrystalline  state.  A 
total  of  34  measurements  were  made  at 
pressures  in  the  range  38-605  kbar. 
Data,  reduced  to  unit-cell  parameter, 
specific  volume,  and  degree  of  compres- 
sion, are  listed  for  each  pressure  in 
Table  29.  Argon  had  the  fee  crystal 
structure  in  these  experiments,  and  ex- 
hibited no  phase  changes  within  the 
pressure  range. 

Analysis  and  Discussion 

Argon  melts  at  room  temperature  at 
approximately  12  kbar,  so  a  cryogenic, 
low-pressure  value  for  the  specific  vol- 
ume was  used  to  calculate  the  0-K  is- 
otherm. Figure  79  is  a  plot  of  values  of 
PT  (thermal  pressure)  and  Pz  (0-K  vi- 
brational pressure)  (see  Zou  et  al.,  Year 
Book  80,  295-299).  The  results  of  this 
and  the  previous  study  at  lower  pres- 
sure can  be  seen  in  Fig.  80,  which  is  a 
plot  of  volume-pressure  equations  of 
state  of  argon  at  0,  293,  500,  and  800 
K.  The  data  are  of  sufficient  precision 
to  justify  the  application  of  potential 
functions  at  0  K.  Numerous  theoretical 
techniques  have  been  derived  to  treat 
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TABLE  29.  Unit-Cell  Edge,  Volume,  and  Compression  of  Solid 
Argon  at  Several  Pressures 


Pressure, 

kbar 

a,  A 

V,  cm3/mol 

v/v0 

38.0 

+ 

0.5 

4.7689 

± 

0.0011 

16.328 

± 

0.015 

0.724 

59.6 

+ 

0.3 

4.6486 

+ 

0.0007 

15.123 

± 

0.007 

0.671 

60.7 

+ 

1.3 

4.6110 

+ 

0.0017 

14.756 

± 

0.020 

0.654 

64.19 

+ 

0.2 

4.6039 

+ 

0.005 

14.691 

+ 

0.05 

0.651 

79.5 

+ 

0.7 

4.536 

± 

0.013 

14.05 

+ 

0.13 

0.623 

81.6 

± 

1.3 

4.542 

± 

0.007 

14.10 

± 

0.07 

0.625 

86.9 

± 

1.2 

4.511 

+ 

0.011 

13.82 

± 

0.10 

0.613 

87.6 

± 

1.0 

4.5209 

± 

0.0017 

13.911 

■+■ 

0.015 

0.618 

97.0 

+ 

0.8 

4.488 

■+■ 

0.002 

13.610 

± 

0.014 

0.604 

106.2 

+ 

1.2 

4.431 

+ 

0.001 

13.098 

± 

0.008 

0.581 

110.5 

± 

1.1 

4.429 

+ 

0.009 

13.08 

-+■ 

0.08 

0.580 

118.6 

± 

0.8 

4.414 

+ 

0.007 

12.95 

+ 

0.06 

0.574 

122.5 

± 

0.8 

4.403 

± 

0.007 

12.85 

+ 

0.06 

0.570 

122.2 

± 

1.0 

4.399 

Hh 

0.008 

12.816 

+ 

0.07 

0.568 

134.0 

± 

1.0 

4.374 

± 

0.008 

12.60 

+ 

0.07 

0.559 

138.8 

± 

0.8 

4.357 

± 

0.003 

12.452 

± 

0.025 

0.552 

151.1 

+ 

0.7 

4.328 

± 

0.001 

12.205 

± 

0.008 

0.541 

165.4 

± 

0.6 

4.291 

± 

0.005 

11.895 

± 

0.04 

0.527 

170.0 

± 

0.7 

4.294 

± 

0.004 

11.920 

-4- 

0.03 

0.529 

174.6 

± 

1.3 

4.278 

± 

0.003 

11.79 

± 

0.02 

0.523 

188.1 

± 

0.8 

4.276 

± 

0.005 

11.77 

± 

0.04 

0.522 

188.4 

± 

0.9 

4.260 

± 

0.004 

11.64 

± 

0.03 

0.515 

195.9 

± 

1.0 

4.256 

■+■ 

0.005 

11.61 

± 

0.03 

0.515 

200.0 

± 

0.6 

4.246 

± 

0.0018 

11.526 

± 

0.013 

0.511 

242.1 

± 

1.0 

4.887 

± 

0.0020 

11.064 

+ 

0.014 

0.481 

273.9 

± 

1.0 

4.143 

± 

0.008 

10.71 

+ 

0.07 

0.466 

298.3 

± 

4.3 

4.113 

+ 

0.003 

10.475 

± 

0.023 

0.458 

321.4 

± 

5.1 

4.076 

+ 

0.005 

10.20 

+ 

0.03 

0.452 

347.2 

•+■ 

6.3 

4.0470 

■+■ 

0.0004 

9.979 

+ 

0.003 

0.424 

376.3 

+ 

8.2 

4.023 

± 

0.005 

9.78 

± 

0.03 

0.434 

449.6 

+ 

7.7 

3.965 

± 

0.004 

9.38 

± 

0.03 

0.418 

506.0 

± 

5.8 

3.914 

± 

0.004 

9.03 

± 

0.02 

0.400 

549.2 

± 

8.6 

3.884 

± 

0.007 

8.821 

•+■ 

0.05 

0.391 

562.0 

± 

8.6 

3.431 

± 

0.007 

8.78 

± 

0.05 

0.389 

606.1 

± 

8.6 

3.259 

+ 

0.007 

8.65 

± 

0.05 

0.384 

the  intermolecular  potentials  for  argon 
(Barker,  1976),  and  thus  there  is  suf- 
ficient basis  to  develop  a  potential  func- 
tion for  these  data.  The  fit  of  a  potential 
function  at  the  low  pressures  can  be 
compared  with  previous  calculations. 

The  potential  energy  function  of  the 
model  is  a  combination  of  assumed  short- 
range  repulsive  forces  and  long-range 
Van  der  Waals-type  interactions  cal- 
culated from  quantum  mechanics  and 
from  empirical  experimental  data.  The 
objective  in  the  present  calculation  was 
to  fit  the  data  to  a  theoretical  potential 
function  of  the  attractive  forces  and  to 
a  parameterized  model  of  the  repulsive 


forces  partly  constrained  by  the  bound- 
ary conditions  of  the  potential  energy 
minima  for  all  atoms  in  a  crystal  of  ar- 
gon. The  present  approach  can  be  sum- 
marized as  follows.  The  potential  energy 
(U)  per  mole  (N  atoms)  is 

U(ru  r2,  ...  rN)  = 

N 

2    U2(ri>rj) 


+       2       ^3(ri,rj,rk), 

i<j<k  =  1 


(1) 
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Fig.  79.  Plot  of  thermal  pressure  (PT)  and  0  K 
vibrational  pressure  (Pz)  for  argon. 


where  U2  and  U3  are  the  pair  and  trip- 
let potentials,  and  the  r  are  atomic 
potential  vectors  (interatomic  dis- 
tances). 

The  atomic  potentials  (c|>)  are  given 
by 

4>/e  =  [A2  +  A2(l  -  X)]ea{1  "  X] 


+  [A3  +  A4(l  -  X) 


*<1    -  A")/c? 


2      (-1)*C,/X*,  (2) 

6  =  6,8,9,10 


where  X  =  R/Rm,  Ck  =  C"V  e  flm;  and 
where  A2,  A2,  A3,  A4,  a,  and  <i  are  con- 
stants; the  C*k  are  constant  dispersion 
coefficients  (Barker,  1976);  and  Rm  is 
the  ratio  of  interatomic  distance  to  the 
interatomic  distance  at  the  potential 
minimum,  whose  value  is  -e.  In  this 
formulation,  the  negative  summation 
term  on  the  right-hand  side  of  Equation 
2  is  the  large  distance  potential  derived 
from  quantum  mechanical  perturba- 
tion theory.  The  positive  terms  are  de- 


rived from  the  self-consistent-field 
(SCF),  Hartree-Fock  repulsion  for  em- 
pirical calculation  of  the  adjustable  pa- 
rameters. Two  exponential  terms, 
instead  of  the  usual  single  term,  pro- 
vided a  better  fit  to  the  data  over  the 
large  pressure  range. 

The  total  potential  energy  can  thus 
be  expressed: 


U/e  = 

N 
2 


l^iAj  +  A2(l  -  nX)]e"{1-"X) 
+  X  [A„  +  A4(l  -  nX)]eatl-nX);d 


^{-l)kNkCkIXk 


(3) 


where  n  =  1,  V2,  V3,  2,  and  k  =  6,  8, 
9,  10.  The  equation  of  state  as  a  ther- 
modynamic function,  related  to  the  po- 
tential, is  given  by 


P  =    -  -zz  = 


dU 

dV 


1     dU 
3NR2  dR 

1 


dU 


3NR3mX2dX' 


(4) 


where  P  is  the  pressure  and  V  is  the 
volume. 

Nonlinear  least-squares  procedures 
were  employed  in  a  computational  pro- 
gram to  fit  the  functions  to  the  data. 
The  adjustable  parameters  are  D,  Rm, 
A;,  A3,  A4,  two  of  which  are  eliminated 
by  the  boundary  conditions  of  Equation 
2,  where  R  =  Rm.  These  boundary  con- 
ditions are 


Ai  +  A3  -        2 

£  =  6,8,9,10 


<j>/e   -   y,  /     '  -  ±j  ^k 

-1  and  dfy/dX  =  0.  (5) 


The  data  points  and  the  fitted  curves 
for  argon  are  shown  in  Fig.  79.  Con- 
stants for  the  curves  are  listed  in  Table 
30. 
The  results  for  argon  are  within  the 
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ISOTHERMS  OF  SOLID  ARGON 

-  Single  crystal  X-ray  data,  Finger  et  al,  1981 

—a Polycrystal  X-ray  data,  Present  study 

^  Solid  Ar,  shock  wave  data,  Dick  et  al,  1970 

Interpolated  data  calculated  by  Zharkov  et  al,  1978 

Liquid  Ar,  Hugoniot;  Ross  et  al,  1979 


300  400 

Pressure,  kbar 


700 


Fig.  80.  Equations  of  state  and  experimental  data  for  solid  argon. 


uncertainty  limits  of  the  low-pressure 
(10-20  kbar)  data  of  Anderson  and 
Swenson  (1975).  The  curves  fit  the  re- 
cent data  of  Finger  et  al.  (1981)  with 
agreement  over  the  extended  pressure 
range. 
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TABLE  30.  Atomic  Potential  Parameters  for 
Solid  Argon 

G0>  K  92.0 

7o  2.7  ±  0.1 

C*6,  10    12  erg  A6  64.04 

C*8,  10  _11  erg  A8  31.54 

C*9,  10  ~12  erg  A9  189.1 

C*10,  10  "n  erg  A10  219.9 
A^6  14.454 

N8  12.802 

N9  15.259 

N10  12.311 

dk,  K    >  141.3 
a  14 

d  5.0 

i?„„  A  3.85 

Ax  32.276 

A2  -43.606 

A3  -23.521 
A4                                            -342.397 


Infrared  Spectra  of  Solid  Carbon 
Dioxide  at  High  Pressure* 

J.  Xu,  P.  M.  Bell,  and  H.  K.  Mao 

Solid  carbon  dioxide  has  been  of  re- 
cent interest  in  laboratory  spectro- 
scopic studies  because  of  the  possible 
applications  to  the  interpretation  of 
spectral  data  on  comets  and  other  plan- 
etary objects.  Hanson  et  al.  (1980)  mea- 
sured the  Raman  modes  of  solid  carbon 
dioxide  to  110  kbar  at  room  tempera- 
ture and  noted  that  a  number  of  vibra- 
tional properties  of  the  C02  molecule 
are  also  observed  in  the  pressurized  solid. 
They  observed  a  linear  shift  with  pres- 
sure of  the  intensities  of  the  Fermi  res- 
onance diad  between  the  symmetric 
stretching-mode  (v2)  and  the  overtone 
of  the  bending  mode  (2v2).  In  the  pres- 
ent study,  Fourier-transform  infrared 
absorption  spectra  were  obtained  for  the 
molecular  band  v3  and  the  combination 
set  vc  of  solid  carbon  dioxide  in  the  pres- 
sure range  6-245  kbar. 

Samples  of  ultrapure  carbon  dioxide 
were  pumped  under  a  pressure  of  2  kbar 
to  fill  the  sample  chamber  of  a  dia- 
mond-window, high-pressure  cell  (Bell 
and  Mao,  this  Report)  at  ambient  room 

*Research  supported  in  part  by  National  Sci- 
ence Foundation  grant  EAR  80-08804. 
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Fig.  81.  Fourier-transform  infrared  spectra  of 
solid  carbon  dioxide  at  a  series  of  pressures  be- 
tween 6  and  245  kbar. 


temperature  (298  K).  The  cell  was  sealed 
at  approximately  3  kbar,  at  which  pres- 
sure carbon  dioxide  is  a  fluid  at  298  K. 
The  pressure  was  calibrated  by  the  ruby- 
fluorescence  pressure  gauge  (Mao  et  al., 
1978). 

The  pressure  was  raised  to  6  kbar, 
above  the  freezing  pressure  of  carbon 
dioxide  at  298  K,  and  the  cell  was  placed 
in  a  Fourier-transform  infrared  inter- 
ferometer (FTIR).  Ten  thousand  in- 
frared absorption  spectral  scans  were 
obtained  over  a  period  of  83  hr  at  each 
of  the  following  pressures:  6,  40,  100, 
160,  200,  and  245  kbar.  The  final  ac- 
cumulated and  reduced  spectra  for  each 
pressure  are  plotted  in  Fig.  81,  which 
is  a  plot  of  relative  transmittance  vs. 
frequency  in  wavenumbers.  At  6  kbar 
the  spectra  are  almost  indistinguisha- 
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Fig.  82.  Shift  of  infrared  frequency  (cm" 
the  vc  bands  as  a  function  of  pressure. 


of 


A  possible  phase  change  was  ob- 
served in  solid  carbon  dioxide  above  100 
kbar.  Figure  82  is  a  plot  of  the  shift  with 
pressure  of  two  of  the  vc  bands.  The 
broadening  of  one  of  the  bands  as  a 
function  of  pressure  may  be  related  to 
the  phase  change,  but  this  interpreta- 
tion must  be  confirmed. 

The  present  data  are  useful  to  ob- 
serve the  spectral  shifts  in  solid  carbon 
dioxide  as  a  function  of  pressure.  Pos- 
sibly these  shifts  will  aid  in  the  inter- 
pretation of  infrared  data  obtained  on 
carbon  dioxide  on  planetary  and  com- 
etary  bodies. 


ble  from  the  infrared  spectra  of  gaseous 
carbon  dioxide  at  1  bar,  298  K.  Close  to 
700  cm1  are  a  group  of  bands  desig- 
nated as  v3.  The  bands  observed  be- 
tween approximately  2200  and  2500 
cm"1  in  gaseous  carbon  dioxide  cannot 
be  seen  in  Fig.  81  owing  to  absorption 
of  the  type-II  diamond  windows.  The 
combination  bands,  vc,  can  be  observed, 
however,  between  3400  and  3900  cm    1. 
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Thermal  Reactions  of  Kerogen 

with  Added  Water,  Heavy  Water, 

and  Pure  Organic  Substances 

Thomas  C.  Hoering 

Kerogen,  the  macromolecular  mate- 
rial comprising  the  bulk  of  the  organic 
matter  in  sedimentary  rocks,  is  ther- 
modynamically  unstable.  With  increas- 
ing time  and  temperature  in  the 
geological  environment,  kerogen  de- 
composes by  way  of  a  complex  set  of 
reactions  into  successively  more  stable 
molecules,  the  ultimate  end  products 
being  graphite,  carbon  dioxide,  meth- 
ane, and  molecular  nitrogen.  The  path- 
ways and  mechanisms  of  these 
irreversible  reactions  are  of  fundamen- 
tal importance  in  organic  geochemis- 
try. For  example,  constituents  of 
petroleum  are  formed  as  intermediates 


during  this  breakdown,  a  process  called 
catagenesis. 

The  rate  of  catagenesis  in  natural  en- 
vironments is  too  slow  to  be  measured 
experimentally,  but  some  aspects  of  the 
network  of  reactions  can  be  simulated 
in  the  laboratory  by  substituting  ele- 
vated temperatures  for  long  times.  The 
assumption  is  made  that  the  pathways 
are  the  same  under  the  two  conditions, 
only  the  rates  of  reactions  are  in- 
creased. Numerous  studies  have  been 
carried  out  on  the  pyrolysis  of  kerogen 
in  a  dry,  inert  atmosphere,  but  in  some 
respects  they  do  not  duplicate  natural 
conditions.  Large  yields  of  olefinic  hy- 
drocarbons that  are  rare  in  petroleums 
are  obtained. 

Lewan  et  al.  (1979)  reported  that  if 
kerogen  pyrolysis  is  conducted  in  the 
presence  of  excess  liquid  water,  no  ole- 
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fins  are  formed  and  the  products  have 
a  close  resemblance  to  natural  petro- 
leums. Because  water  is  ubiquitous  in 
sediments,  experiments  under  these 
conditions  may  be  more  realistic.  The 
work  reported  here  extends  these  sig- 
nificant observations  and  focuses  on 
three  separate  aspects.  First,  the  mo- 
lecular weight  distribution  of  the  sat- 
urated, normal  hydrocarbons  produced 
during  hydrous  pyrolysis  has  been  mea- 
sured. This  distribution  is  used  in  pe- 
troleum geochemistry  as  an  index  of  the 
integrated  time-temperature  history  of 
a  hydrocarbon  assemblage.  Second, 
heavy  water  (D20,  deuterium  oxide)  was 
substituted  for  H20,  and  the  extent  of 
deuterium  substitution  in  the  newly 
formed  hydrocarbons  was  measured.  The 
object  was  to  learn  whether  water  ac- 
tively participates  in  the  catagenetic 
reactions.  In  a  third  set  of  experiments, 
the  transformations  of  pure  organic 
substances  that  were  added  to  the  ker- 
ogen  before  heating  served  as  "molec- 
ular probes"  for  the  course  of  the 
reactions  (Abelson,  1978). 

Hydrous  pyrolysis  studies  were  car- 
ried out  on  specimens  of  the  Messel  shale 
of  Germany  that  were  kindly  provided 
by  Prof.  Dr.  Harald  Puchelt,  University 
of  Karlsruhe.  They  were  obtained  from 
drill  hole  No.  7  of  the  "Forschungsboh- 
rung  des  Hessischen  Kulturministers 
in  der  Grube  Messel,  1980"  at  a  depth 
of  70-80  m.  The  Messel  shale,  which  is 
of  Eocene  age,  is  of  lacustrine  origin.  It 
was  chosen  for  this  work  because  of  its 
high  content  of  type-I  kerogen  and  its 
low-temperature  history  and  because 
its  organic  matter  has  been  the  subject 
of  many  studies  (Tissot  and  Welte,  1978). 

The  procedure  of  Lewan  et  al.  (1979) 
was  followed.  Air-dried  specimens  of  the 
Messel  shale  were  ball-milled  and  ex- 
tracted twice  with  a  benzene-methanol 
mixture  and  ultrasonic  energy.  Indig- 
enous, soluble  organic  matter  was 
thereby  removed.  After  air-drying  to 
remove  residual  solvents,  75  g  of  the 
extracted  shale  was  placed  in  a  300-ml 
stainless  steel  pressure  vessel  with  75 


ml  of  water.  The  system  was  purged 
with  nitrogen,  sealed,  and  heated  at 
330°C  for  three  days.  These  conditions 
gave  the  highest  yield  of  petroleum-like 
products.  At  the  end  of  the  reaction,  the 
contents  of  the  pressure  vessel  were  ex- 
tracted as  before,  and  the  solvent  was 
removed  by  vacuum  evaporation  at  low 
temperatures.  The  resulting  bitumen 
was  extracted  exhaustively  with  pen- 
tane,  leaving  an  insoluble  "asphaltene" 
fraction.  The  pentane-soluble  material 
was  separated  by  silica-gel  chromatog- 
raphy in  which  hexane,  benzene,  and 
methanol  were  used  successively  as 
eluants  to  yield,  respectively,  a  satu- 
rated hydrocarbon,  an  aromatic  hydro- 
carbon, and  a  polar  fraction. 

The  preexisting  hydrocarbons,  iso- 
lated by  solvent  extraction  of  the  initial 
rock,  and  those  newly  generated,  pro- 
duced by  heating  the  kerogen,  were 
strikingly  different  both  in  quantity  and 
in  molecular  composition.  Only  a  frac- 
tion of  1%  of  the  organic  carbon  exists 
as  naturally  occurring  saturated  hy- 
drocarbons. After  heating,  8%  of  the  or- 
ganic carbon  had  been  transformed  into 
saturated  hydrocarbons.  One  of  the  most 
conspicuous,  quantitative  differences  is 
the  distribution  of  normal  hydrocar- 
bons, as  shown  in  Table  31.  The  preex- 
isting hydrocarbons  have  a  marked 
predominance  of  molecules  with  an  odd 
number  of  carbon  atoms,  typical  of  sed- 
iments having  a  low-temperature  his- 
tory. The  normal  hydrocarbons  produced 
by  thermal  breakdown  of  kerogen  in  the 
presence  of  water  had  a  nearly  smooth 
distribution  of  their  abundance,  com- 
parable to  petroleums  formed  in  source 
rocks  with  a  greater  time-temperature 
history.  No  olefinic  hydrocarbons  were 
identified,  in  agreement  with  the  re- 
sults of  Lewan  et  al.  (1979).  The  newly 
generated  hydrocarbons  have  a  slight 
odd-carbon  preference,  which  suggests 
that  the  preexisting  ones  had  not  been 
completely  extracted  from  the  shale. 
Subsequent  experiments  described  be- 
low, however,  indicate  that  this  sug- 
gestion is  not  necessarily  valid. 
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TABLE  31.  Relative  Abundance  of  Preexisting 

and  Newly  Formed  Normal  Hydrocarbons  from 

the  Messel  Shale* 


Carbon  No. 

Preexisting 

Newly  Formed 

14 

5 

95 

15 

7 

122 

16 

6 

119 

17 

30 

121 

18 

6 

82 

19 

6 

82 

20 

6 

68 

21 

11 

62 

22 

7 

57 

23 

76 

64 

24 

9 

60 

25 

60 

59 

26 

11 

63 

27 

100 

100 

28 

13 

77 

29 

61 

107 

30 

12 

85 

31 

74 

141 

32 

11 

126 

33 

38 

99 

*  Results  normalized  to  rcC?7rL 


100. 


To  assess  the  role  of  water  during  the 
thermal  reactions  of  kerogen  in  the 
Messel  shale,  the  experiment  described 
above  was  repeated,  but  pure  heavy 
water  (D20)  was  substituted  for  ordi- 
nary water  (H20).  Saturated  hydrocar- 
bons were  isolated  as  before,  and  a 
preliminary  examination  of  them  was 
made  by  gas  chromatography-mass 
spectrometry.  Marked  shifts  of  molec- 
ular weight  were  observed,  which  were 
due  to  uptake  of  the  heavy  hydrogen 
isotope.  Extensive  substitution  of  deu- 
terium from  the  heavy  water  for  the 
hydrogen  in  the  organic  compounds  had 
occurred.  So  that  this  phenomenon  could 
be  examined  quantitatively,  normal, 
saturated  hydrocarbons  were  isolated 
by  sorption  in  Linde  Molecular  Sieve 
5A  and  then  separated  into  pure,  in- 
dividual compounds  by  preparative  gas 
chromatography.  Each  one  was  ana- 
lyzed successively  by  mass  spectrome- 
try for  the  extent  of  deuterium 
substitution.  The  samples  were  intro- 
duced into  the  ion  source  by  distillation 
from  a  direct  insertion  probe.  In  order 


to  avoid  biasing  the  results  because  of 
isotope  effects  during  the  probe  distil- 
lation, a  small  sample  was  completely 
volatilized  while  the  parent  ion  region 
of  the  mass  spectrum  was  continuously 
scanned.  The  intensities  of  the  parent 
ions  for  the  scans  were  summed  and 
converted  into  the  ratio  of  deuterated 
isomers  by  the  procedure  of  Biemann 
(1962,  204-250),  which  corrects  for  the 
contribution  of  naturally  occurring  13C- 
substituted  isomers. 

The  results  given  in  Table  32  are 
striking.  Each  normal,  saturated  hy- 
drocarbon was  comprised  of  isomers 
having  from  zero  to  at  least  fourteen 
deuterium  atoms  substituted  for  hydro- 
gen. The  distribution  of  these  isomers 
is  similar  with  a  maximum  at  about 
four  to  six  deuterium  atoms  for  all  nor- 
mal hydrocarbons  in  the  range  17-30 
carbon  atoms. 

An  evaluation  was  made  of  the  pos- 
sibility that  the  extensive  deuteration 
shown  in  Table  32  was  due  to  simple, 
homogeneous  exchange  reactions  be- 
tween saturated  hydrocarbons  and 
heavy  water: 

C,H2w+2  +  D20  =  C„(H,D)2„  +  2  +  HDO. 

A  sample  of  solvent-extracted  shale  was 
coated  with  200  mg  of  rc-docosane 
(rcC22H46)  and  heated  as  before  with  an 
excess  of  D20.  After  the  reaction,  n-do- 
cosane  was  recovered  in  >80%  yield  and 
analyzed  in  the  mass  spectrometer  for 
deuterium  substitution.  As  shown  in 
Table  33,  the  amount  of  deuteration  was 
small,  so  that  simple  exchange  could  be 
ruled  out  as  a  major  pathway.  There- 
fore, if  an  appreciable  amount  of  preex- 
isting hydrocarbons  had  not  been 
completely  solvent-extracted  in  the  first 
step,  there  would  have  been  a  concom- 
itant excess  of  molecules  having  no 
deuterium  substitution. 

As  described  in  the  introduction,  dry 
pyrolysis  of  kerogen  gives  a  large  yield 
of  unsaturated,  olefinic  hydrocarbons. 
Addition  of  deuterium  to  such  olefins 
would  result  in  the  corresponding  sat- 
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TABLE  32.   Extent  of  Deuterium  Substitution  in  Normal  Hydrocarbons  Produced  from  the  Messel 
Shale  at  330°C  for  Three  Days  by  Heating  with  D20* 


Carbon 

Relative  Abundance  of  Deuterium-Substituted  Isomers 

No. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

17 

39 

57 

77 

100 

95 

81 

88 

72 

59 

48 

29 

33 

17 

17 

21 

18 

39 

66 

86 

89 

100 

89 

53 

74 

80 

38 

39 

30 

21 

19 

16 

19 

37 

52 

76 

91 

85 

98 

100 

73 

66 

63 

38 

42 

32 

19 

13 

20 

39 

48 

68 

62 

100 

92 

83 

71 

64 

38 

55 

36 

25 

15 

20 

21 

32 

50 

64 

89 

96 

97 

100 

81 

83 

66 

41 

52 

41 

24 

11 

22 

37 

63 

28 

82 

88 

72 

100 

67 

61 

65 

29 

47 

29 

20 

19 

23 

34 

51 

66 

72 

100 

80 

88 

84 

79 

69 

64 

55 

47 

27 

22 

24 

32 

34 

41 

87 

80 

100 

86 

62 

86 

56 

66 

47 

46 

31 

28 

25 

34 

33 

46 

54 

94 

100 

73 

93 

88 

66 

58 

43 

53 

34 

25 

26 

49 

50 

74 

91 

93 

100 

88 

87 

75 

74 

66 

48 

31 

13 

27 

27 

40 

44 

47 

68 

67 

100 

49 

93 

64 

66 

61 

45 

36 

32 

17 

28 

36 

33 

61 

74 

84 

95 

94 

100 

88 

86 

75 

69 

38 

50 

35 

29 

42 

56 

72 

95 

98 

100 

94 

90 

84 

46 

84 

40 

45 

38 

29 

*The  column  headings,  0,  1,  2,  .  .  .  14  indicate  the  number  of  deuterium  atoms  per  molecule;  e.g., 
C17H36D0,  C17H35Di,  C17H34D2,  etc.  In  each  row,  at  an  individual  carbon  number,  the  relative  abun- 
dances are  normalized  to  the  most  abundant  isomer  as  100. 


urated  hydrocarbon  having  isotopic 
substitution.  To  investigate  this  path- 
way, an  extracted  shale  sample  was 
coated  with  200  mg  of  the  olefin,  n-oc- 
tadecene-1,  and  heated  at  330°C  for  three 
days  with  an  excess  of  D20.  Analysis  of 
the  products  disclosed  that  about  60% 
of  the  added  olefin  had  been  converted 
to  n-octadecane: 

ttC18H36  +  2H  =  rcC18H38. 


TABLE  33.   Relative  Abundance  of  Deuterium- 
Substituted  Isomers  in  rc-Docosane  Heated  with 
Messel  Shale  in  the  Presence  of  D,0 


No.  of  Deuterium 

Atoms 

Relative  Abundance 

0 

100 

1 

19 

2 

11 

3 

5 

4 

3 

5 

0 

6 

0 

7 

0 

8 

0 

9 

0 

10 

0 

11 

0 

12 

0 

13 

0 

14 

0 

The  only  saturated  hydrocarbon  iden- 
tified as  being  produced  from  the  olefin 
was  n-octadecane,  and  no  unreacted  n- 
octadecene-1  was  recovered.  The  fate  of 
the  remaining  40%  is  unknown.  As 
shown  in  Table  34,  considerable  deu- 
terium uptake  occurred,  but  not  nearly 
to  the  extent  displayed  by  the  normal 
hydrocarbons  in  Table  32.  The  olefinic 
pathway  could  make  only  a  partial  con- 
tribution to  the  observed  isotopic  sub- 
stitution. 

In  a  further  experiment,  the  branched- 
chain,  fatty  acid,  2  methyl  heptadeca- 
noic  acid  was  heated  with  the  Messel 
shale  in  the  presence  of  H20.  A  10% 
yield  of  rc-heptadecane  was  measured, 
corresponding  to  the  simple  decarbox- 
ylation reaction 

CH3 

I 
/iCJLn  -C-COOH  =  rcC17H™  +  COo. 


H 


That  no  branched-chain,  saturated  hy- 
drocarbons were  produced  from  the  fatty 
acid  indicates  a  lack  of  carbon-skeleton 
isomerization  during  the  course  of  the 
reaction. 
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TABLE  34.  Relative  Abundance  of  Deuterium- 
Substituted  Isomers  in  rc-Octadecane  Produced 
by  Heating  rc-Octadecene-1  with  Messel  Shale 
in  the  Presence  of  D?0 


No.  of  Deuterium 

Atoms 

Relative  Abundance 

0 

37 

1 

73 

2 

100 

3 

79 

4 

56 

5 

30 

6 

20 

7 

18 

8 

6 

9 

8 

10 

3 

11 

0 

12 

0 

13 

0 

14 

0 

The  results  of  these  experiments  on 
the  chemical  pathways  leading  to  sat- 
urated hydrocarbons  during  thermal 
reactions  of  kerogen  in  the  presence  of 
water  can  be  explained  in  terms  of  "free- 
radical"  reactions,  processes  involving 
reactive  intermediates  having  un- 
paired electrons.  Such  entities  are  well- 
known  intermediates  in  many  organic 
reactions  and  have  been  characterized 
by  electron  paramagnetic  resonance 
spectroscopy  in  coals  and  kerogens  that 
have  been  heated  in  the  laboratory 
(Marchand  and  Conard,  1980). 

Organic  free  radicals  abstract  hydro- 
gen or  deuterium  atoms  from  water  in 
order  to  satisfy  their  unfilled  valencies. 
An  organic  free  radical  is  reactive,  and 
the  unpaired  electron  in  the  molecule 
migrates  rapidly.  Deuterium-hydrogen 
exchange  with  the  medium  occurs  dur- 
ing this  migration.  Apparently,  the  dif- 
ference in  the  results  between  dry  and 
hydrous  pyrolysis  of  kerogen  lies  in  the 
property  of  water  to  serve  as  a  ready 
source  of  hydrogen  atoms  resulting  from 
reactions  with  organic  free  radicals. 

The  experiment  in  which  n-octade- 
cene-1  is  used  as  a  molecular  probe  il- 
lustrates that  several  processes  can  occur 
to  account  for  products  with  such  ex- 


tensive deuterium  substitution.  One 
such  process  may  involve  exchange  of 
hydrogen  by  deuterium  in  the  kerogen 
matrix.  Alkyl  groups  bonded  into  ker- 
ogen, the  precursors  to  the  hydrocar- 
bons released  on  heating,  are  expected 
to  be  inert  toward  deuterium-hydrogen 
exchange,  but  kerogen  contains  many 
heteroatoms  (O,  N,  and  S)  in  its  struc- 
ture. Hydrogen  bonded  to  carbon  atoms 
adjacent  to  these  heteroatoms  is  labile 
and  susceptible  to  facile  exchange  with 
D20.  Deuterium  could  be  introduced 
readily  in  this  manner.  During  subse- 
quent heating,  free  radical  sites  are 
formed  that  migrate  through  the  ma- 
trix, resulting  in  more  deuterium  ex- 
change with  the  water.  This  process 
could  extend  even  into  alkyl  groups  that 
normally  would  be  inert. 

Alternative  mechanisms  to  account 
for  the  catagenetic  reactions  of  kerogen 
could  involve  heterolytic  splitting  of 
covalent  bonds  to  produce  ionic  inter- 
mediates instead  of  free  radicals.  The 
results  of  the  molecular  probe  experi- 
ment with  the  branched-chain  fatty  acid 
do  not  support  this  pathway.  A  property 
of  such  an  ionic  intermediate  is  the  rapid 
isomerization  of  normal  alkyl  groups. 
A  suite  of  branched-chain  hydrocar- 
bons would  have  been  produced,  but  such 
compounds  were  not  observed.  On  the 
other  hand,  free  radicals  of  normal  al- 
kyl groups  do  not  normally  undergo  such 
isomerization. 

At  present,  it  is  not  certain  how  well 
the  catagenesis  of  kerogen  in  the  pres- 
ence of  water  during  laboratory  simu- 
lation at  elevated  temperatures  actually 
mimics  natural  conditions.  A  prelimi- 
nary examination  of  the  reaction  prod- 
ucts from  the  young,  immature  Messel 
shale,  however,  has  disclosed  many  of 
the  same  compounds  that  occur  in  old 
petroleums.  Continued  laboratory  ex- 
periments over  a  wide  range  of  time 
and  temperature  plus  an  examination 
of  a  wide  range  of  reaction  products, 
including  the  use  of  isotopic  and  mo- 
lecular probes,  will  help  to  resolve  the 
question. 
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The  work  described  in  this  report  de- 
fines one  variable  that  controls  the  deu- 
terium-hydrogen ratio  of  natural 
petroleum  (Yeh  and  Epstein,  1981).  Es- 
tep and  Hoering  (1981)  found  that  the 
lipids  in  living  organisms  had  distinc- 
tive patterns  of  isotopic  labeling  due  to 
isotope  effects  in  biosynthetic  pro- 
cesses. The  lipids  are  precursors  to  some 
of  the  constituents  of  petroleum.  Hoer- 
ing (1977)  observed  that  with  increas- 
ing age  of  petroleums,  these  initial 
differences  in  deuterium  content  were 
evened  out.  Clearly,  there  is  a  consid- 
erable exchange  of  organically  bonded 
hydrogen  with  formation  waters  during 
the  catagenesis  of  kerogen.  This  ex- 
change alters  the  biologically  produced, 
hydrogen  isotopic  record. 
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Stable  Isotopic  Composition  of 

Algae  and  Bacteria  that  Inhabit 

Hydrothermal  Environments  in 

Yellowstone  National  Park 

Marilyn  L.  F.  Estep 

Studies  of  the  structure  and  fossils  of 
Precambrian  stromatolites  have  deter- 
mined that  blue-green  algae  were  very 
early  forms  of  life.  Most  Precambrian 
stromatolites  are  of  a  marine  origin,  and 
possibly  dominated  subtidal  and  inter- 
tidal  areas  (see  Walter,  1976,  for  re- 
view). Other  stromatolites  of  this  age 
are  nonmarine,  but  the  classification  of 
many  stromatolites  remains  an  open 
question.  There  are  a  number  of  Recent 
environments  supporting  the  growth  of 
blue-green  algal  mats  that  trap  sedi- 
mentary inorganic  particles  and  are  thus 
considered  to  be  stromatolitic.  Many  of 
these  formations  occur  in  marine  en- 
vironments such  as  hypersaline  bays  and 
lagoons. 

In  order  to  determine  environmental 
and  biochemical  relationships  between 
Recent  and  ancient  environments,  the 
stable  isotopes  of  carbon  in  the  organic 
residue  of  Precambrian  rocks  have  been 
measured  and  compared  with  the  iso- 
topic composition  of  modern,  marine 
stromatolites.  During  photosynthesis, 
the  lighter  isotope  of  carbon  is  fixed  more 
readily  into  organic  matter,  and  the  re- 
sulting plant  tissue  is  depleted  of  the 
heavy  isotope  compared  with  the  inor- 
ganic source  of  carbon,  C02,  on  which 
the  plant  was  growing.  Reduced  carbon 
in  Precambrian  rocks  typically  has  513C 
values  of  -  25  to  -  35  (see  Hayes  et  al., 
1982,  for  most  recent  report).  These  iso- 
tope ratios  are  the  same  as  those  of  many 
higher,  terrestrial,  C3  plants,  i.e.,  trees. 
In  comparison,  the  isotopic  composition 
of  a  number  of  analogous  marine,  Re- 
cent stromatolites  has  been  measured 
and  found  to  have  513C  values  typically 
in  the  range  - 10  to  - 18  (Barghoorn 
et  al.,  1977;  Behrens  and  Frishman, 
1971;  Oehler,  1976).  Obviously,  a  dif- 
ference exists. 

To  clarify  this  difference,  laboratory 
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experiments  with  unialgal  populations 
have  been  used  to  demonstrate  the  var- 
iability of  the  carbon  isotopic  compo- 
sition of  algae  similar  to  those  found  in 
stromatolites  (Pardue  etal.,  1976;  Seck- 
bach  and  Kaplan,  1973).  These  scien- 
tists found  that  when  the  cells  are  grown 
at  high  C02  concentrations  or  are  har- 
vested at  low  cell  densities,  algae  are 
capable  of  fractionating  the  carbon  iso- 
topes to  an  extent  similar  to  those  mea- 
sured in  reduced  carbon  in  Precambrian 
rocks.  The  difficulties  in  interpreting 
the  laboratory  experiments  lie  in  the 
facts  that  similar  isotopic  fractiona- 
tions have  not  been  found  in  the  field 
and  that  many  inferences  are  necessary 
to  compare  unialgal  growth  in  the  lab- 
oratory with  Precambrian  stromato- 
lites. 

In  this  report  the  carbon  and  hydro- 
gen isotopic  compositions  of  a  suite  of 
algae  and  bacteria  from  various  Recent 
hydrothermal  environments  have  been 
analyzed  to  determine  whether  these 
growths  are  analogous  to  ancient  forms 
of  life.  Hydrothermal,  nonmarine  stro- 
matolites can  be  useful,  small-scale 
models  of  the  larger  Precambrian  for- 
mations for  a  number  of  reasons.  For 
example,  within  one  hot  spring  there  is 
a  wide  range  of  biological  and  chemical 
environments  that  would  be  difficult  to 
duplicate  in  the  laboratory.  Moreover, 
the  stromatolites  that  form  in  thermal 
springs  are  composed  of  blue-green  al- 
gae and  photosynthetic  bacteria.  The 
high  temperatures  preclude  the  pres- 
ence of  animal  grazers  and  burrowers, 
which  could  disturb  the  mats. 

The  area  chosen  for  study  was  the 
Yellowstone  National  Park,  which  is  a 
relatively  undisturbed  environment 
with  a  full  range  of  chemically  distinct 
hot  springs  within  a  concentrated  area. 
Three  types  of  springs  were  sampled 
routinely:  (1)  springs  depositing  silica 
at  neutral  pH,  (2)  springs  depositing 
carbonate  at  neutral  pH,  and  (3)  springs 
at  acid  pH  (1.0-4.5). 

The  hydrothermal  environments  are 
dominated  by  a  relatively  simple  pop- 


ulation of  organisms,  because  the  ex- 
tremes of  temperature  and  acidity 
restrict  the  number  of  organisms  that 
are  able  to  tolerate  and  grow  under  these 
harsh  conditions  (see  Brock,  1978,  for 
review).  Chloroflexus  is  a  filamentous, 
photosynthetic  bacterium  that  is  found 
in  almost  all  neutral-pH  hot  springs. 
Generally,  it  is  intimately  intertwined 
with  other  blue-green  algae,  but  in  cer- 
tain locations,  pure  mats  of  this  organ- 
ism were  found.  The  carbon-fixation 
pathway  in  these  organisms,  as  in  other 
similar  bacteria,  may  be  unique,  a  re- 
verse of  the  tricarboxylic  acid  cycle 
(Fuchs  et  al.,  1980).  Photosynthesis  in 


TABLE  35.  Carbon  Isotopic  Composition  of 

Synechococcus,  Chloroflexus,  and  Phormidium 

from  Fairy  Creek  Spring  2* 


Temp., 

Sample  No.             pH 

°C 

513C 

Synechococcus 

8  29/6/81                    8.0 

68 

-26.1 

1  22/7/81                  n.d.t 

65 

-25.2 

3  14/8/81                    7.5 

74 

-23.6 

1  18/9/81                    7.2 

68 

-26.6 

Synechococcus-Chloroflexus  Mixtures 
3  22/7/81  8.0  62  -  22.7 

1    8/9/81  8.3  68  -24.2 

7  18/9/81  7.2  68  -25.4 

Chloroflexus-Synechococcus  Mixtures 


9  29/6/81 

8.0 

62 

-22.7 

4  22/7/81 

n.d. 

50 

-23.6 

1  14/8/81 

7.5 

62 

-23.2 

2  14/8/81 

7.5 

70 

-23.9 

2    8/9/81 

8.3 

59 

-23.9 

3    8/9/81 

8.3 

59 

-23.0 

2  18/9/81 

7.2 

61 

-24.3 

4  18/9/81 

7.2 

61 

-23.8 

5  18/9/81 

7.2 

62 

-24.6 

6  18/9/81 

7.2 

61 

-25.1 

Phorm idium-Chloroflexus  Mixtures 
6  22/7/81  n.d.  40  -  22.2 

A  14/8/81  7.5  48  -23.2 

B  14/8/81  7.5  48  -  25.6 

C  14/8/81  7.5  48  -  22.6 

4    8/9/81  8.3  46  -21.1 

*Fairy  Creek  Spring  2  is  located  in  the  Lower 
Geyser  Basin,  150  yards  east  of  the  road  to  Im- 
perial Geyser  and  adjacent  to  Fairy  Creek  Spring 
1. 

tNot  determined. 
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this  organism  occurs  only  under  anaer- 
obic conditions.  Thus,  owing  to  the  mat- 
forming,  photosynthetic,  anaerobic  mode 
of  growth,  Chloroflexus  is  an  organism 
that  is  similar  to  ancient  life  forms. 

Synechococcus  is  a  unicellular,  rod- 
shaped  blue-green  alga  that  grows  at 
the  highest  temperature  limits  for  pho- 
tosynthetic organisms.  At  55°-62°C, 
Synechococcus  forms  layered,  strati- 
form mats  with  Chloroflexus.  At  lower 
temperatures,  40°-52°C,  the  filamen- 
tous, blue-green  alga,  Phormidium  is 
ubiquitously  associated  with  Chloro- 
flexus in  the  formation  of  stromatolites. 
These  particular  stromatolites  are  called 
conophytons,  and  their  occurrence  in 
Yellowstone  National  Park  hot  springs 
seems  to  be  the  only  reported  occur- 
rence of  this  type  of  growth  since  the 
Precambrian  (Walter,  1976).  Phormi- 
dium is  necessary  for  the  formation  of 
conophytons  (Walter  et  al.,  1976),  al- 
though Chloroflexus  was  present  in  all 
samples  studied. 

Three  other  species  of  filamentous, 
blue-green  algae  are  commonly  found 
in  thermal  areas.  Mastigocladus  alter- 
natively forms  mats  with  Chloroflexus. 
This  blue-green  alga  possesses  hetero- 
cysts  (special  cells  for  nitrogen  fixation) 
and  could  be  an  important  organism  in 
the  nitrogen  cycle  in  these  environ- 
ments. Spirulina  was  detected  in  abun- 
dance in  conophytons  of  carbonate- 


depositing  springs.  Calothrix  forms 
black,  felt-textured,  tough  mats  at  the 
cooler  edges  of  thermal  effluent  chan- 
nels. 

Blue-green  algae  and  photosynthetic 
bacteria  do  not  grow  in  highly  acid  en- 
vironments. The  acidic  springs  are 
dominated  by  the  red  alga,  Cyanidium, 
which  is  a  blue-green  pigmented,  uni- 
cellular alga,  as  its  name  implies,  and 
lives  at  temperatures  of  37°-45°C.  At 
lower  temperatures,  Zygogonium,  a  fi- 
lamentous, green  alga,  forms  thick, 
blackish-green  mats. 

Each  time  samples  were  collected  for 
analysis,  the  temperature  and  pH  were 
measured,  and  the  general  appearance 
of  the  hot  springs  was  assessed.  The  al- 
gae and  bacteria  were  examined  micro- 
scopically, and  the  species  and  their 
relative  proportions  were  determined. 
In  each  spring,  glass  microscope  slides 
were  incubated  in  effluent  waters  so  that 
relative  growth  rates  could  be  deter- 
mined and  fresh  material  could  be  sam- 
pled. The  samples  were  refrigerated  for 
one  day  to  one  week  before  they  were 
either  dried  in  a  vacuum  oven  over  CaCl2 
and  P205  at  60°C  or  freeze-dried,  then 
finally  dried  in  vacuo. 

The  carbon  and  hydrogen  isotope  ra- 
tios were  determined  as  reported  pre- 
viously (Estep,  Year  Book  79,  385-387). 
The  results  are  reported  in  the  5  no- 
tation, where 


TABLE  36.  Carbon  Isotopic  Compositions  of  Blue-Green  Algae  and  Bacteria 
from  Clearwater  Springs* 


Sample  No. 

Speciest 

pH 

Temp.,  °C 

513C 

1  17/6/81 

Diatoms;  £11.  b-g.  algae 

n.d. 

28 

-10.8 

3  17/6/81 

Syn.-Chloro.  -Phor. 

n.d. 

51 

-17.2 

1  31/7/81 

Syn.-Chloro. 

6.0 

66 

-13.0 

2  31/7/81 

Syn.-Chloro. 

6.0 

66 

-11.4 

3  31/7/81 

Calothrix 

6.0 

37 

-4.6 

4  31/7/81 

Syn.-Chloro.  -Phor. 

4.5 

67 

-13.9 

1  22/9/81 

Syn.-Chloro. 

5.0 

53 

-7.6 

2  22/9/81 

Syn .  -Chloro.  -Phor. 

5.5 

54 

-7.6 

*Clearwater  Springs  is  a  group  of  springs  clustering  around  Obsidian  Creek. 
These  springs  deposit  neither  carbonate  nor  silica. 

till,  b-g.  algae,  filamentous  blue-green  algae;  Syn.,  Synechococcus;  Chloro., 
Chloroflexus;  Phor.,  Phormidium. 
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Wr.    = 


(R 


sample 


(R 


standard' 


x  103, 


N  =  the  heavy  isotope  of  element  E,  R 
=  the  ratio  of  the  heavy  to  the  light 
isotope.  The  standard  used  for  813C  was 
N.B.S.  22  (813C  =  -29.4);  the  standard 
used  for  8D  measurements  was  SMOW 
(8D  -  0.0). 


TABLE  37.  Carbon  Isotopic  Composition  of 
Algae  from  Acidic  Hot  Springs 


Temp., 

Sample  No. 

pH 

°C 

513C 

Nymph  Creek* 

-Cyanidium 

1  18/6/81 

4.5 

40 

-14.2 

1  15/7/81 

4.5 

42 

-12.5 

2  19/8/81 

4.0 

37 

-13.7 

1  25/8/81 

4.0 

39 

-9.7 

1    8/9/81 

4.0 

38 

-9.4 

1  18/9/81 

3.5 

38 

-11.1 

Obsidian  Creeki -Zygogonium 

1  17/6/81 

3.7 

32 

-9.6 

1  20/7/81 

3.0 

25 

-14.7 

1  12/9/81 

2.5 

28 

-8.4 

*Nymph  Creek  is  a  tributary  flowing  into 
Nymph  Lake,  which  is  located  west  of  the  road 
from  Mammoth  to  Norris. 

tObsidian  Creek  runs  parallel  to  the  Mam- 
moth-Norris  road.  The  samples  were  collected  from 
a  mat  directly  west  of  Roaring  Mountain. 


Results 

Carbon  isotopic  compositions.  The 
carbon  isotopic  compositions  of  ther- 
mophilic algae  and  bacteria  are  re- 
ported in  Tables  35-41.  In  specific 
springs  for  specific  species,  the  813C  was 
relatively  constant  throughout  the 
sampling  period  (see  for  example,  Table 
35).  In  contrast,  the  same  species  or  as- 
semblage of  species  in  different  springs 
fractionated  the  carbon  isotopes  to  a 
highly  variable  extent  from  -7.6 
(Clearwater  Springs,  Table  36)  to  -  25 
(Fairy  Creek  Spring  2,  Table  35).  The 
carbon  isotopic  composition  of  carbon- 
ate in  Yellowstone  springs  and  other 
hydrothermal  areas  is  near  0.0%o  ±  3.0 
(Craig,  1953;  Hulston  and  McCabe, 
1962).  These  differences  could  not  be 
related  to  a  systematic  variation  in 
temperature,  although  within  an  indi- 
vidual spring,  the  813C  of  the  algae  in- 
creased with  decreasing  temperature. 
There  is  a  striking  correlation,  how- 
ever, between  the  concentration  of  car- 
bon dioxide  in  the  effluent  waters  (Allen 
and  Day,  1935;  Gunter  and  Musgrave, 
1966)  and  the  carbon  isotopic  compo- 
sition of  the  algae  and  bacteria,  espe- 
cially Synechococcus  and  Chloroflexus 
(Fig.  83). 

An  effect  of  pH  on  the  carbon  isotopic 
composition  is  apparent.  In  general,  the 
algae  growing  in  acid  pH  springs  frac- 


TABLE  38.  Carbon  Isotopic  Composition  of  Algae  and  Bacteria  from  Carbonate- 
Depositing  Springs,  Mammoth  Hot  Springs* 


Temp., 

Sample  No. 

Species 

pH 

°C 

513C 

1  15/7/81 

Phor.-Chloro. 

8.0 

n.d. 

-26.6 

1  20/7/81 

Conophytons 

7.7 

41 

-26.7 

2  15/7/81 

Phor.-Chloro. 

8.0 

n.d. 

-26.1 

2  20/7/81 

P.S.  bact.-various  b-gs.t 

7.7 

40 

-26.1 

3  20/7/81 

P.S.  bact.-various  b-gs. 

7.7 

41 

-25.5 

1  25/8/81 

Conophytons 

7.0 

52 

-26.8 

1    5/9/81 

P.S.  bact.-various  b-gs. 

7.0 

48 

-26.3 

2    5/9/81 

Old  conophytons 

7.0 

54 

-27.0 

*Samples  were  collected  from  Unnamed  Hot  Spring  1978  and  Narrow  Gauge  Hot 
Spring. 

tP.S.  bact.,  photosynthetic  bacteria;  b-gs.,  blue-green  algae. 
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TABLE  39.  Carbon  and  Hydrogen  Isotopic  Compositions  of  a 
Layered  Mat  from  Boulder  Spring* 


Sample  No. 

Species 

§13C 

§D 

Layer  1 

Phor.-Chloro. 

-11.3 

-208 

Layer  2 

Phor.-Chloro.;  hetero.  bact. 

-10.8 

-216 

Layer  3  At 

Phor.-Chloro. 

-11.4 

-213 

B 

Chloro. 

-10.7 

Layer  4  A 

Chloro. 

-12.1 

-194 

B 

Decaying  Chloro. -Phor. 

-11.2 

Layer  5  A 

Decayed  matter 

-10.7 

-195 

B 

Decaying  Chloro. -Phor. 

-11.8 

Layer  6 

Decaying  Chloro. -Phor. 

-10.4 

-201 

Layer  7 

Decayed  matter 

-11.7 

*8D  H20 
center;  pH 
ows. 

t  A,  top  layer  of  the  mat;  B,  lower  layer 


:    -  146.  The  temperature  of  the  mat  was  60°C  in  the 
7.2.  Boulder  Spring  is  located  in  the  Fairy  Creek  Mead- 


TABLE  40.  Carbon  Isotopic  Composition  of 

Chloroflexus  and  Layered  Stromatolites  from 

Springs  in  the  Midway  Geyser  Basin 


Sample  No. 


pH 


Temp., 
°C 


813C 


Chloroflexus  Mats-Serendipity  Springs 
6  28/7/81  n.d.  60~  - 19.6 

1  14/8/81  8.5  60  - 18.2 

2  18/9/81  8.5  65  - 19.4 


tionated  the  isotopes  less  than  those  in 
neutral  pH  springs  (Tables  35  vs.  37). 
At  low  pH  (1.0-4.0),  C02  is  the  predom- 
inant species  of  the  total  carbon  dioxide 
that  is  dissolved  in  the  spring  water. 
Acid  water  in  combination  with  high 
temperatures  results  in  the  release  of 
this  gas  from  the  water  causing  low  re- 
sidual C02  concentrations  in  solution. 


Octopus  Spring*  Layered  Mats 

1  6/7/81  At 

B 

2  6/7/81  A 


B 

3  6/7/81  A 
B 

1  8/9/81  A 
B 
C 


n.d. 
n.d. 
n.d. 

7.4 


60 
55 
58 
62 


■16.0 
■21.0 
■16.2 

17.7 
14.7 
■13.4 
21.2 
■18.4 
■16.0 


Serendipity  Springs-Wiegert's  Channelt 
Layered  Mats 

6/7/81  A  7.0  56  - 17.3 

B  ...  ...  -15.0 

C  ...  ...  -17.7 

D  ...  ...  -18.0 

28/7/81  A  n.d.  57  -17.8 

B  ...  ...  -15.2 

*Octopus  Spring  is  located  on  the  south  of 
Firehole  Lake  Drive,  in  the  White  Creek  area. 

t  A,  top  layer  of  the  mat;  B,  C,  and  D,  succes- 
sively lower  layers. 

^Serendipity  Springs  is  located  1  km  west  of 
Octopus  Spring.  Wiegert's  Channel  was  an  arti- 
ficial spring  constructed  of  plywood  by  R.  Wie- 
gert. 


TABLE  41.  Carbon  Isotopic  Composition  of  the 

Top  Layer  of  Organic  Matter  from  Conophytons 

from  Various  Silica-Depositing  Springs 


Sample  No. 


pH 


Temp., 
°C 


Fairy  Creek  Meadows 


Spring  6: 

Spring  1: 
Spring  2: 


3  29/6/81 

4  14/8/81 
6  29/6/81 

5  22/7/81 
A  14/8/81 
B  14/8/81 
C  14/8/81 


)ueen's  Laundry* 
3  24/6/81 

1  28/7/81 

2  28/7/81 

6  14/9/81 

7  14/9/81 

8  14/9/81 


7.8 
8.2 
9.0 
n.d. 
7.5 
7.5 
7.5 


8.0 
8.5 
8.5 
6.8 
6.8 
6.8 


48 
34-48 
48 
43 
48 
48 
48 


50 
48 
48 
48 
48 
48 


813C 


-18.3 
-14.2 
-16.2 
-19.2 
-17.4 
-11.4 
-19.1 


-16.9 
-17.3 
-19.2 
-19.6 
-19.1 
-17.3 


*Queen's  Laundry  Hot  Springs  is  located  in  the 
Sentinel  Meadows,  Lower  Geyser  Basin. 
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Fig.  83.  Carbon  isotopic  composition  of  ther- 
mophilic algae  and  bacteria  as  a  function  of  the 
concentration  of  C02  in  the  effluent  gases.  Closed 
circles  indicate  Synechococcus-Chloroflexus  mix- 
tures; triangles  indicate  stromatolites. 


Conversely,  the  carbonate-depositing 
springs  at  neutral  pH  have  high  con- 
centrations of  HC03  "  and  high  amounts 
of  total  carbon  dioxide.  The  813C  of  the 
conophytons  and  mats  in  Mammoth 
Springs  are  the  most  negative,  -27%o 
(Table  38). 

There  are  three  exceptions  to  the  re- 
lationship of  pH  and  carbon  isotopic 
composition.  Growing  on  the  edge  of 
Boulder  Spring  in  the  Fairy  Creek 
Meadows  was  a  stromatolite  that  was 
approximately  12  cm  in  height.  The  mat 
was  composed  of  distinct  layers  of  Phor- 
midium  and  Chloroflexus,  which  were 
separated  on  the  basis  of  color  (see  Ta- 
ble 39).  The  carbon  isotopic  composition 
was  between  813C  =  -  10  and  -  12  for 
all  the  layers  that  were  analyzed.  An 
unusual  feature  of  this  thick  mat  was 
the  fact  that  it  was  not  submerged  in 
water.  Only  the  bottom  few  centimeters 
were  submerged,  whereas  the  top  parts 
of  the  mat  were  kept  moist  by  the  spray 
coming  from  the  source  of  the  boiling 
spring.  Because  of  aerial  exposure,  the 
microorganisms  were  not  bathed  con- 
tinuously in  high  amounts  of  carbon 
dioxide. 

At  Serendipity  Springs,  pure  mats  of 
Chloroflexus  occurred.  The  average  iso- 


topic composition  of  this  Chloroflexus 
was  -19.1%o  (Table  40).  When  Chlo- 
roflexus was  found  with  other  organ- 
isms, i.e.,  Synechococcus  (Octopus 
Spring)  or  Mastigocladus  (Wiegert's 
Channel),  the  isotopic  composition  of  the 
mixture  closely  resembled  that  of  the 
blue-green  alga  (see  Tables  35  and  40). 
The  successive  layers  of  these  stroma- 
tolites did  not  vary  systematically  with 
respect  to  their  carbon  isotopic  compo- 
sitions. The  bottom  layer  generally  con- 
sisted of  decayed  photosynthetic 
organisms,  heterotrophic  and  methan- 
ogenic  bacteria  (Zeikus  et  al.,  1980).  The 
predominance  of  heterotrophic  or  meth- 
anogenic  bacteria  in  the  bottom  layers 
did  not  result  in  a  shift  in  the  isotopic 
composition  of  the  bulk  of  the  organic 
matter. 

The  last  exception  was  in  the  isotopic 
composition  of  the  conophytons.  Walter 
et  al.  (1976)  determined  the  relative 
proportions  of  Phormidium  and  Chlo- 
roflexus in  conophytons  of  various  stages 
of  development.  In  younger  conophy- 
tons, Phormidium  was  the  dominant 
species,  whereas  in  older  formations, 
Chloroflexus,  which  is  perhaps  more  re- 
sistant to  decay,  was  predominant.  The 
813C  of  the  younger,  blue-green  algal- 
dominated  forms  varied  as  a  function 
of  the  concentration  of  carbon  dioxide 
(Table  35,  Phormidiuml Chloroflexus,  A, 
B,  C).  The  813C  of  the  older,  siliceous 
conophytons  was  approximately  —  18%o 
from  a  wide  variety  of  locations  (Table 
41). 

Hydrogen  isotopic  compositions.  Hayes 
et  al.  (1982)  have  measured  the  isotope 
ratio  of  organically  bonded  hydrogen 
that  was  associated  with  Precambrian 
rocks.  In  general,  the  8D  values  were 
between  -  90  and  -  140%o.  The  inter- 
pretation of  these  analyses  is  specula- 
tive, as  few  data  on  modern  samples 
exist,  and  hydrogen  in  the  ancient  sam- 
ples may  be  completely  exchanged  with 
ground  water.  The  8D  of  thermophilic 
organisms  was  measured  to  determine 
whether  any  unusual  isotopic  signa- 
tures were  present  in  modern  organ- 
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isms  and  to  provide  a  basis  for 
understanding  the  results  on  ancient 
rocks. 

The  isotopic  composition  of  the  or- 
ganically bonded  hydrogen  in  thermo- 
philic microorganisms  was  dependent 
on  the  temperature  at  which  the  or- 
ganisms were  grown.  The  relationship 
was  not  detected  in  laboratory  cultures 
of  Chlorella  (Estep  and  Hoering,  1980); 
however,  the  range  of  temperatures  that 
were  sampled  in  these  experiments  is 
much  greater  (Fig.  84,  Table  42). 

The  isotopic  compositions  of  Cyani- 
dium  and  Zygogonium  do  not  plot  on 
the  line  of  temperature  vs.  5D  for  or- 
ganisms growing  at  neutral  pH  (Table 
43).  The  isotopic  fractionation  between 
the  water  and  the  organically  bonded 
hydrogen  in  acidophiles  is  considerably 
less  than  expected  for  a  similar  tem- 
perature. The  high  acidity  may  alter 


the  mobility  of  hydrogen  and  water  into 
cells  and  thus  decrease  fractionation. 


Conclusions 

Hot  springs  are  unique  model  sys- 
tems in  that  within  one  spring  there  are 
gradients  of  temperature,  species  com- 
position, pH,  and  dissolved  gas  content. 
Among  hydrothermal  areas,  individual 
springs  vary  from  one  another  owing  to 
the  chemical  and  physical  properties  of 
the  water  coming  out  of  the  source,  which 
in  turn  is  determined  by  the  chemical 
nature  of  the  rocks  beneath  the  spring 
from  which  the  fluid  is  derived.  Con- 
sequently, each  hot  spring  has  certain 
distinct  characteristics,  and  a  very  wide 
range  of  environmental  subtleties  can 
be  studied.  For  example,  the  carbon  iso- 
topic compositions  of  organic  matter 
from  hydrothermal  stromatolites  cover 


TABLE  42.  Hydrogen  Isotopic  Composition  of  Thermophilic  Algae  and  Bacteria 
from  Neutral  pH  Springs 


Temp., 

Sample  No.* 

°C 

pH 

SD  Cells 

8DH20 

AD1 

Filamentous  Bacteria 

Octopus  1  20/9/81 

82 

7.5 

-149 

-144 

-5 

Fairy  6:  1  18/9/81 

85 

7.8 

-138 

-144 

+  6 

Synechococcus 

Fairy  2:  1  18/9/81 

68 

7.2 

-167 

-146 

-21 

Wiegert's  3  20/9/81 

65 

8.5 

-161 

-145 

-16 

Synechococcus  ar 

id  Chloroflexus  Mixture 

Q.  L.  4  14/9/81 

61 

6.8 

-197 

-145 

-42 

Fairy  2:  1A  14/8/81 

62 

7.5 

-169 

-146 

-23 

Fairy  2:  3  18/9/81 

66 

7.2 

-159 

-146 

-13 

Fairy  2:  4  18/9/81 

61 

7.2 

-179 

-146 

-33 

Fairy  2:  5  18/9/81 

62 

7.2 

-159 

-146 

-13 

Clearwater  1  22/9/81 

53 

5.0 

-180 

-144 

-36 

Chloroflexus 

Wiegert's  1  14/8/81 

60 

8.5 

-193 

-142 

-51 

Wiegert's  2  20/9/81 

65 

8.5 

-185 

-145 

-40 

Phormidium  -Chloroflexus 

-Synechococcus  Mixtures 

Fairy  2:  4  8/9/81 

46 

8.3 

-220 

-146 

-74 

Boulder  2  8/9/81 

60 

7.2 

-216 

-146 

-70 

*  Fairy  2,  Fairy  Creek  Spring  2;  Q.  L.,  Queen's  Laundry;  Wiegert's,  Wiegert's  Chan- 
nel, Serendipity  Springs;  Octopus,  Octopus  Spring;  Fairy  6,  Fairy  Creek  Spring  6; 
Clearwater,  Clearwater  Spring;  Boulder,  Boulder  Spring  Layer  2. 

tAD  =  5D  cells  -  5D  H,0. 


GEOPHYSICAL     LABORATORY 


409 


-240 

1 1 1 1 I            I 

1 

-220 

^y         • 

" 

-200 

~   -180 

o 

eo 

-160 

^\  • 

- 

-140 

" 

\» 

- 

-120 

i                1                l                '                i                1 

l 

20        30       40       50       60       70       80       90 
Temperature,  °C 

Fig.  84.  Hydrogen  isotopic  composition  of  ther- 
mophilic algae  and  bacteria  as  a  function  of  tem- 
perature. 


a  wide  range  of  values  reflecting  the 
suite  of  distinctive  areas  that  were 
sampled. 

The  variations  in  the  isotopic  com- 
position of  these  modern  stromatolites 
were  affected  by  dissolved  C02  concen- 
tration, temperature,  species  composi- 
tion, and  pH.  Those  samples  having  the 
most  negative  carbon  isotopic  compo- 
sitions were  from  blue-green  algae  that 
grew  in  environments  with  high  C02 
levels,  elevated  temperatures,  and  neu- 
tral pH.  Moreover,  the  carbon  isotopic 
compositions  of  all  the  algae/bacteria 
from  Mammoth  (Table  38)  and  of  many 
of  the  Fairy  Creek  (Table  35)  hot  springs 
are  in  the  range  of  813C  values  of  Pre- 
cambrian  carbon. 

In  summary,  although  life  may  or  may 
not  have  originated  in  a  hot  spring,  the 


environmental,  chemical,  and  biologi- 
cal similarities  between  modern  hy- 
drothermal  and  Precambrian  stro- 
matolites are  numerous.  There  are  bi- 
ological processes  that  occur  in  the  field 
that  shift  the  isotopic  composition  of  the 
organic  matter  in  photosynthetic  bac- 
teria and  algae  equivalent  to  the  iso- 
topic composition  of  Precambrian 
stromatolites. 
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TABLE  43.  Hydrogen  Isotopic  Composition  of  Thermophilic  Algae  from 
Acid  pH  Springs 


Sample  No. 

Temp., 
°C 

pH 

8D  Cells 

8DH20 

AD 

Cyanidium 
Nymph  Cr.  1  18/6/81 
Nymph  Cr.  1  25/8/81 
Nymph  Cr.  1    9/9/81 

Zygogonium 
Obsidian  1  12/9/81 

40 
39 
38 

28 

4.5 
4.0 
4.0 

2.5 

-187 
-181 
-179 

-206 

-155 
-155 
-155 

-140 

-32 
-26 
-24 

-66 
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Hydrogen  Isotopic  Compositions  of 

Cultured  and  Field  Populations 

of  Marine  Amphipods 

Stephen  A.  Macko,  Marilyn  L.  F.  Estep,  and 
Wen  Yuh  Lee* 

The  deuterium-to-hydrogen  ratio  of 
natural  populations  of  plants  and  ani- 
mals is  controlled  by  a  number  of  met- 
abolic and  environmental  factors  (Smith 
and  Epstein,  1970;  Estep  and  Hoering, 
1980;  Stiller  and  Nissenbaum,  1980). 
Because  the  organically  bonded  hydro- 
gen in  living  tissues  is  conservative 
(Estep  and  Hoering,  1980),  stable  hy- 
drogen isotope  ratios  can  be  used  as 
tracers  of  food  webs  (Estep  and  Da- 
browski,  1980).  The  results  of  previous 
experiments  for  both  a  laboratory  study 

*Research  done  in  cooperation  with  Port  Ar- 
ansas Marine  Laboratory,  University  of  Texas. 


of  mouse  tissues  and  a  field  study  of 
snail  tissues  demonstrated  that  the  hy- 
drogen isotopic  composition  of  these  an- 
imals closely  resembled  their  diets 
rather  than  the  water  that  they  drank 
or  in  which  they  lived.  To  test  these 
results  further,  the  isotopic  composi- 
tions of  marine  amphipods,  cultured  in 
the  laboratory  on  diets  of  different  deu- 
terium content,  were  measured.  In  this 
report  a  comparison  of  laboratory-raised 
animals  with  natural  populations  of  the 
same  species  was  made  in  order  to  de- 
termine the  applicability  of  hydrogen 
isotopes  as  tracers  of  diet  in  field  stud- 
ies. 

Natural  populations  of  amphipods, 
marine  benthic  crustaceans,  were  used 
in  this  study.  These  animals,  Am- 
phithoe  valida  and  Parhyale  hawaien- 
sis,  are  usually  found  on  the  macrophytic 
algae  Ulva  spp.  and  Gelidium  crinale, 
respectively.  Stock  populations  of  these 
species  were  captured  in  September  1980 
from  the  jetty  in  Port  Aransas,  Texas, 
and  were  cultured  in  the  laboratory  for 
approximately  three  months  until  a 
second  generation  reached  maturity.  The 
dry  weight  of  individual  animals  was 
2-3  mg.  The  amphipods  were  raised  in 
culture  baths  (20  cm  in  diameter)  con- 
taining 0.45  |xm  filtered  seawater  with 
a  salinity  of  30%o  and  excessive  food.  In 
order  to  keep  the  amphipods  from  con- 
suming their  own  fecal  material,  the 
water  was  renewed  twice  each  week. 
During  the  experiment,  the  water  was 
aerated  gently  to  prevent  stagnation  and 
evaporation.  Under  these  conditions,  at 
a  room  temperature  of  21°-23°C,  the 
amphipods  usually  mature  in  5-6  weeks. 
Because  it  had  previously  been  shown 
by  Macko  et  al.  ( 1982 )  that  nitrogen  iso- 
topic fractionation  of  diet  can  vary  with 
species,  two  species,  cultured  on  iden- 
tical diets,  were  compared  in  the  pres- 
ent study. 

The  natural  food  sources  of  the  two 
amphipod  species  have  widely  differing 
hydrogen  isotopic  compositions  and 
provide  convenient  natural  tracers  for 
this  study.  The  green,  macrophytic  alga 
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TABLE  44.  Hydrogen  Isotopic  Composition  of 
Macrophytic  Algae 


Sample 

Date 

8D 

Gelidium  crinale 

July  1981 

-114.2 

October  1981 

-112.9 

January  1982 

-114.0 

Average 

-113.7 

Ulva  spp. 

July  1981 

-169.5 

October  1981 

-171.3 

January  1982 

-158.5 

Average 

-  166.4 

Ulva  detritus 

Day  0 

-158.5 

Day  2 

-151.7 

Day  7 

-134.7 

Day  14 

-132.8 

Day  21 

-130.8 

Day  28 

-121.4 

Day  35 

-121.6 

Day  42 

-107.7 

Day  49 

- 108.4 

Day  56 

-112.0 

Ulva  sp.  has  an  unusually  low  8D*  of 
approximately  -  170%<?  relative  to  the 
standard,  SMOW  (0.0).  The  red  alga 
Gelidium  crinale  is  more  typical  of  ma- 
rine algae  with  a  5D  of  - 115.  A  third 
food  source,  a  preparation  of  decayed 
Ulva,  was  also  used  in  the  culture  ex- 
periments, both  separately  and  in  con- 
junction with  fresh  red  algae. 

Ulva  detritus,  which  was  used  in  cul- 
turing  the  amphipods,  was  prepared 
from  dried  Ulva  that  was  crumbled, 
suspended  in  gently  flowing  seawater, 
and  decomposed  for  approximately  two 
weeks  at  room  temperature.  All  sam- 
ples were  dried  at  60°C  in  a  vacuum 
oven  over  P205. 

Organic  hydrogen  in  the  samples  was 
converted  to  water  and  subsequently  to 
molecular  hydrogen  for  stable  isotope 
ratio  analysis  by  the  method  of  Estep 
and  Hoering  (1981).  Reported  values  are 
the  average  of  at  least  three  samples. 


*5D 
AD 


(D/H) 


sample 


(D/H)  standard 

8D;  -  dD2. 


-  1>  x  103; 


20  30  40 

Time  (days) 


Fig.  85.  Change  in  8D  of  Ulva  sp.  during  decay. 


One  standard  deviation  for  the  analysis 
is  typically  ±  5%o. 

Macrophytic  algae  collected  at  three 
different  times  during  the  year  showed 
little  isotopic  variation  (Table  44),  de- 
spite the  fact  that  the  5D  of  the  local 
waters  vary  by  as  much  as  30%<?  during 
the  year  (Estep  and  Hoering,  1980).  On 
the  other  hand,  the  remains  of  Ulva  sp. 
undergoing  bacterial  attack  showed  a 
progressive  change  in  the  isotopic  com- 
position during  the  process  of  decay. 
Over  the  course  of  two  months,  the  iso- 
topic composition  of  decaying  Ulva  was 
monitored  (Table  44,  Fig.  85).  An  en- 
richment in  deuterium  was  observed  to 
occur  from  a  5D  of  - 158.5  to  - 112.0. 
The  flowing  seawater,  which  was  in 
contact  with  the  decaying  Ulva,  typi- 
cally had  a  5D  of  - 1  to  -  7%o  during 
the  months  in  which  the  decomposition 
was  taking  place. 

Changes  in  the  hydrogen  isotopic 
composition  of  organically  bonded  hy- 
drogen of  algae  have  been  observed  only 
when  the  material  was  undergoing  de- 
naturation.  The  change  in  the  isotopic 
composition  of  the  Ulva  during  prepa- 
ration of  the  detritus  could  be  explained 
as  a  result  of  exchange  with  isotopically 
heavier  surrounding  water.  Alterna- 
tively, the  organically  bound  hydrogen 
may  preferentially  lose  the  light  iso- 
tope during  decay. 

Natural  populations  as  well  as  lab- 
oratory-cultured animals  showed  sim- 
ilar isotopic  fractionations  of  their  diets. 
The  isotopic  composition  of  both  species 
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when  raised  on  fresh  Gelidium  in  the 
laboratory  as  well  as  the  P.  hawaiensis 
captured  from  the  field  closely  resem- 
bled the  5D  of  the  diet  (AD  =  -3.4  to 
+  8.6).  Male  and  female  animals  were 
isotopically  indistinguishable  (Table  45). 

Animals  raised  on  fresh  Ulva  in  the 
laboratory  and  A.  valida  found  on  Ulva 
from  the  field  showed  a  similar  frac- 
tionation of  +50.6  to  +70.4.  No  sig- 
nificant differences  were  discerned 
between  males  and  females  raised  on 
Ulva.  A  possible  temperature-related 
isotope  effect  was  detected.  Animals 
cultured  at  three  separate  tempera- 
tures (20°,  23°,  and  25°C)  had  increas- 
ingly larger  fractionations  of  their  diets, 
of  +  50.6,  +  57.5,  and  +  70.4.  The  mech- 
anism for  such  a  change  is  unknown; 
however,  Estep  (this  Report)  has  noted 
a  similar  correlation  for  algae  from 
thermal  springs. 

The  SD  of  the  seawater  varied  during 
the  course  of  the  experiment,  but  no 
correlation  was  observed  between  the 
5D  of  the  water  and  that  of  the  animals. 

Amphipods  raised  on  the  two-week- 
old  Ulva  detritus  preparation  were  is- 


otopically distinct  from  all  other  am- 
phipods and  from  the  fresh  Ulva.  These 
animals  fractionated  their  diet  by  an 
amount  similar  to  that  of  the  amphi- 
pods that  had  been  fed  the  fresh  Ulva 
(5D  =  +54.3  to  +60.6).  The  amphipod, 
P.  hawaiensis,  which  is  naturally  found 
on  Gelidium,  was  offered  a  choice  of  two 
diets,  Ulva  detritus  and  fresh  Gelidium. 
These  amphipods  had  isotopic  compo- 
sitions similar  to  those  expected  of  an- 
imals eating  only  the  red  algae  and 
neither  the  detrital  algae  nor  a  mixture 
of  the  two  substrates. 

The  difference  in  fractionation  of  the 
two  diets  by  the  amphipods  has  yet  to 
be  explained.  Such  differences  may  be 
due  to  preferential  utilization  of  spe- 
cific chemical  constituents  of  the  algae, 
because  chemical  differences  between 
species  of  algae  and  especially  Ulva  have 
been  measured  (Estep  and  Hoering, 
1980).  Only  Ulva  contained  saponifia- 
ble  lipids  that  were  enriched  in  deuter- 
ium relative  to  the  bulk  hydrogen 
content. 

In  summary,  animals  feeding  on  a 
particular  diet  uniformly  fractionate  the 


TABLE  45.  Hydrogen  Isotopic  Composition  of  Amphipods,  Natural  and  Laboratory  Populations 


Sample 

Diet 

6D 

AD 

Parhyale  hawaiensis 

Natural  population,  female 

Gelidium* 

-116.4 

-2.7 

Natural  population,  male 

Gelidium 

-  109.4 

+  4.3 

Lab.  population,  mixed 

UlvaJ( 

-106.1 

+  60.3 

Lab.  population,  mixed 

Ulva  detritust 

-72.2 

+  60.6 

Lab.  population,  female 

Ulva  detritus/Gelidium 

-122.3 

-8.6  to  +10.5 

Lab.  population,  male 

Ulva  detritus/Gelidium 

-117.1 

-3.4  to  +15.1 

Amphithoe  valida 

Natural  population,  female 

Ulva 

-100.8 

+  65.6 

Natural  population,  male 

Ulva 

-98.4 

+  68.0 

Lab.  population,  mixed 

Ulva§ 

-115.8 

+  50.6 

Lab.  population,  mixed 

Ulva\\ 

-108.9 

+  57.5 

Lab.  population,  mixed 

Ulva% 

-96.0 

+  70.4 

Lab.  population,  mixed 

Ulva  detritus 

-78.5 

+  54.3 

Lab.  population,  mixed 

Gelidium 

-105.1 

+  8.6 

*AD  relative  to  average  hD  of  fresh  Gelidium. 

t  AD  relative  to  average  5D  of  fresh  Ulva. 

tAD  relative  to  SD  of  two-week-old  Ulva  detritus. 

^Temperature,  20°C. 

IITemperature,  22°C. 

^Temperature,  25°C. 
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hydrogen  isotopes  in  that  diet.  In  many 
cases,  the  fractionation  is  small  and  the 
isotopic  ratios  of  the  animal  tissues 
closely  resemble  their  food.  In  only  one 
case  thus  far,  the  animals  raised  on  Ulua 
were  seen  to  fractionate  their  diet  by  a 
large  and  constant  amount,  approxi- 
mately +  60%o.  These  differences  may 
be  due  to  intraspecific  differences  in  the 
chemical  make-up  of  the  diet.  Hydro- 
gen isotopes  can  be  useful  for  tracing 
food  webs,  in  a  similar  manner  to  car- 
bon and  nitrogen  isotopes.  Constant  and 
measurable  fractionations  of  an  isotope 
during  assimilation  and  metabolism  of 
the  diet  do  not  preclude  the  use  of  that 
isotope  for  determining  food  chains. 
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Nitrogen  Isotope  Fractionation  by 

Blue-Green  Algae  Cultured  on 

Molecular  Nitrogen  and  Nitrate 

Stephen  A .  Macko,  Marilyn  F.  Estep,  and 
Thomas  C.  Hoering 

The  stable  nitrogen  isotopic  compo- 
sition of  marine  organic  matter  has  been 
used  as  a  tracer  for  the  biological  cycle 
of  nitrogen.  Variations  in  15N/14N,  shown 
in  Fig.  86,  correlate  with  a  number  of 


known  steps  in  this  cycle.  Miyake  and 
Wada  (1967)  found  that  815N*  of  ma- 
rine organic  matter  averages  +7.  Phy- 
toplankton  (observed  as  particulate 
organic  matter)  in  ocean  waters  appear 
to  be  isotopically  similar  to  the  form  of 
inorganic  nitrogen  used  in  their  growth, 
and  their  isotopic  compositions  resem- 
ble open  ocean  515N  values  for  nitrate 
(Wada  and  Hattori,  1976).  Phytoplank- 
ton  are  primary  producers  of  organic 
matter  and  can  utilize  nitrate  or  am- 
monia as  a  source  of  nitrogen.  In  most 
areas  of  the  ocean,  nitrogen  is  a  limit- 
ing nutrient  and  determines  the  amount 
of  growth. 

In  certain  areas  of  the  ocean,  where 
nitrate  and  ammonia  levels  are  low, 
phytoplankton  populations  can  be  dom- 
inated by  blooms  of  blue-green  algae. 
For  example,  Trichodesmium  sp.  has 
been  observed  occasionally  to  predom- 
inate in  the  eastern  Gulf  of  Mexico. 
Natural  populations  of  Trichodesmium 
have  been  found  to  have  an  isotopic 
composition  of  -2%o  (Wada  and  Hat- 
tori,  1976;  Macko,  1981).  Under  con- 
ditions of  very  low  inorganic  nitrogen 
growth,  certain  filamentous  blue-green 
algae  can  produce  specialized  cells,  het- 
erocysts,  that  have  the  capability  of  fix- 
ing molecular  nitrogen.  The  natural 
populations  of  blue-green  algae,  utiliz- 
ing N2  as  their  sole  source  of  nitrogen, 
are  slightly  depleted  in  15N  relative  to 
the  atmospheric  N2  dissolved  in  sea- 
water.  In  the  experiments  reported  here, 
one  species  of  a  blue-green  algae  was 
adapted  to  growth  on  either  nitrate  or 
molecular  nitrogen  as  the  sole  source 
of  nitrogen.  The  isotopic  fractionation 
between  the  algae  and  the  nitrogenous 
substrate  was  determined. 

Hoering  and  Ford  (1960)  studied  iso- 
tope fractionation  during  fixation  of  N2 


N815N  = 


(15N/14NL 


'Triple 
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A15VT     _     15]\J  _     15XT 
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Fig.  86.  The  distribution  of  15N  in  the  marine  environment.  From  Miyake  and  Wada  ( 1967),  Wada 
(1980),  and  Macko  (1981). 


into  organic  nitrogen  by  four  species  of 
the  bacterium  Azotobacter  and  found 
only  small  and  variable  effects.  Del- 
wiche  and  Steyn  (1970)  found  a  slight 
depletion  in  15N  in  laboratory  cultures 
of  Azotobacter  vinelandii.  These  obser- 
vations could  account  for  the  small  de- 
pletions in  the  heavy  isotope  found  in 
natural  populations  of  marine  blue- 
green  algae.  This  report  describes  the 
first  studies  of  nitrogen  isotope  frac- 
tionation of  molecular  nitrogen  by  blue- 
green  algae  from  laboratory  cultures. 

The  isotope  effects  during  the  process 
of  nitrate  assimilation  and  reduction  by 
marine  diatoms  in  laboratory  culture 
are  complex  (Wada  and  Hattori,  1978). 
The  fractionation  is  thought  to  be  pri- 
marily the  result  of  a  kinetic  isotope 
rate-limiting  step  in  the  breaking  of  a 
N-0  bond  in  the  reduction  of  nitrate  to 
nitrite.  Under  growth  conditions, 
whereby  the  nitrate  concentrations  are 
nonlimiting,  the  maximum  kinetic  iso- 
tope effect  during  this  reduction  of  ni- 
trate should  be  observed.  The  maximum 
isotopic  fractionation  of  nitrate  by  blue- 
green  algae  was  sought  as  a  comparison 


to  the  fractionation  observed  during  ni- 
trogen fixation. 

An  axenic  culture  of  the  nitrogen-fix- 
ing blue-green  alga  Anabaena  sp.  strain 
IF  (Gotto  et  al.,  1979)  was  obtained  from 
Dr.  Chase  Van  Baalen,  Port  Aransas 
Marine  Laboratory,  University  of  Texas. 
The  algae  were  grown  in  a  semicontin- 
uous  culture  apparatus  surrounded  by 
a  thermostatically  controlled  water 
jacket  at  39°C.  A  constant  light  source 
was  provided  by  a  bank  of  two  20-W 
daylight-white  fluorescent  bulbs  that 
were  partially  shielded  by  a  double  layer 
of  metal  screen  in  order  to  diminish  the 
intensity.  The  medium  used  for  the  cul- 
ture was  a  defined  artificial  seawater, 
ASP-2,  which  was  supplemented  by  vi- 
tamin B12  (16  |xg/l;  Van  Baalen,  1962). 
The  cultures  were  continuously  gassed 
with  1.0  ±  0.1%  C02  in  nitrogen.  In 
order  to  induce  the  formation  of  het- 
erocysts  and  to  stimulate  nitrogen  fix- 
ation in  the  culture,  no  nitrate  was  added 
to  the  medium  during  the  initial  ex- 
periment. The  average  growth  rate  for 
the  cultures  was  0.20  mg  dry  weight  per 
ml  medium  per  day.  In  the  nitrate-up- 
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take  portions  of  the  experiment,  the  ni- 
trate concentration  was  twice  (24  mM) 
and  five  times  (59  mM)  the  standard 
ASP-2  concentration  (12  mM)  in  order 
to  establish  nonlimiting  nitrogen  con- 
ditions in  the  culture  and  thus  provide 
for  the  observation  of  maximal  frac- 
tionation. Cell  density  increased  through 
the  experiment  up  to  maxima  of  0.203 
and  0.165  mg  dry  weight  per  ml  for  the 
24  mM  and  59  mM  nitrate  media,  re- 
spectively. Under  these  growth  condi- 
tions, algae  have  been  cultured  with  a 
reproducibility  necessary  for  the  study 
of  stable  isotope  fractionations  of  other 
elements  (Estep  and  Hoering,  1980). 

Nitrogen-fixing  algae  were  collected 
on  a  48-hr  basis,  whereas  algae  cul- 
tured on  nitrate  were  sampled  at  5,  24, 
29,  and  48  hr  after  innoculation.  The 
algae  were  harvested  by  centrifuga- 
tion,  followed  by  resuspension  and 
washing  in  20  ml  of  distilled  water,  and 
recentrifugation  (10,000  rpm  for  10  min). 
This  concentrate  was  then  suspended  in 
1  ml  of  distilled  water  and  frozen.  All 
samples  were  lyophilized  simulta- 
neously for  24  hr.  Supernatant  media 
from  the  nitrate  culture  were  evapo- 
rated to  dryness  and  analyzed  for  15N 
content. 

Samples  were  converted  to  nitrogen 
gas  of  suitable  purity  for  isotope  anal- 
ysis by  a  modification  of  the  Dumas  dry- 
combustion  method  (Macko,  1981).  The 
dried  sample  was  mixed  with  high-pu- 
rity copper  and  copper  oxide  in  a  quartz 
tube  that  was  evacuated  and  sealed,  then 


combusted  at  900°C  for  1  hr.  Temper- 
ature was  then  decreased  linearly  to 
room  temperature  over  an  8-hour  pe- 
riod. Nitrogen  gas  was  isolated  from  the 
combustion  products  and  analyzed  for 
stable  isotope  composition.  On  the  basis 
of  prior  replicate  analyses  of  samples, 
the  reproducibility  (la)  in  combustion 
and  measurement  is  within  ±0.2%o 
(Macko,  1981). 

The  algae  were  cultured  under  con- 
ditions stimulating  nitrogen  fixation 
with  N2  as  the  sole  source  of  nitrogen. 
A  constant  fractionation  was  observed 
relative  to  the  nitrogen  gas  used  for 
growth  (Table  46).  The  average  frac- 
tionation of  -2.35  is  comparable  to  that 
observed  in  laboratory  cultures  of  bac- 
teria (Hoering  and  Ford,  1960;  Del- 
wiche  and  Steyn,  1970). 

During  the  experiment,  which  was 
coincident  with  the  logarithmic  phase 
of  growth,  cultures  of  Anabaena  raised 
on  nitrate  showed  a  uniform  fraction- 
ation from  the  initial  isotopic  compo- 
sition of  the  nitrate  in  the  medium  (Table 
47,  Fig.  87).  The  fractionation  was 
slightly  greater  on  the  24  mM  nitrate 
(average  A15N  =  -  13.3%o)  than  on  the 
59  mM  nitrate  (average  A15N  = 
-  11.4%o).  Fractionation  also  increased 
slightly  (approximately  l%o)  with  in- 
creasing cell  density.  At  no  point  was 
the  nitrate  a  limiting  nutrient;  an  es- 
timated maximum  of  3%  was  converted 
to  organic  matter.  The  results  from  this 
experiment  with  Anabaena  showed  a 
decrease  of  about  10%  in  the  overall 


TABLE  46.  Isotopic  Composition  and  Substrate  Fractionation  of  Anabaena  sp.  Strain  IF  Grown 
on  Nitrogen  (N2)  Gas  as  the  Sole  Source  of  Cellular  Nitrogen* 


Sample 

Concentration  of 
Algae  at  Time 

of  Harvest, 
mg  dry  wt/ml 

6  '  JN  substrate 

S15N 

u     1^algae 

A15N 

Day  9 
Day  12 
Day  14 
Average 

0.34 
0.44 
0.42 
0.40 

<  -0.53  to  -0.44> 
-0.49 

-2.85 
-2.93 
-2.74 
-2.84 

-2.36 
-2.44 
-2.25 
-2.35 

*A15N  =  515N. 


Igae 


515Na 
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TABLE  47.  Isotopic  Composition  and  Substrate  Fractionation  of  Anabaena  sp. 
Strain  IF  Grown  on  Nitrate  as  the  Source  of  Cellular  Nitrogen 


Concentration  of 

Algae  at  Time 

Sample 

of  Harvest, 

(time,  hr) 

mg  dry  wt/ml 

815Nmedia 

S15Nalgae 

A15NA  . 

NO3 

Experimer 

itl 

24mMN03-,  8I5N  = 

+  6.66 

0 

0.016 

-7.40 

5 

0.041 

+  6.66 

-6.02 

- 12.68 

24 

0.064 

+  6.18 

-6.69 

-13.35 

29 

0.105 

+  7.34 

-6.68 

-13.34 

48 

0.203 

+  10.74 

-7.09 

-13.75 

Average 

-13.3  ± 

0.4 

Experimer 

it  2 

59  mMN03~ ,  8!5N  = 

+  4.34 

0 

0.024 

-7.19 

5 

0.044 

+  4.34 

-6.49 

-10.83 

24 

0.124 

+  4.83 

-6.82 

-11.16 

29 

0.110 

+  6.62 

-6.90 

-11.24 

48 

0.165 

+  6.88 

-7.86 

-12.20 

Average 

-11.4  ± 

0.6 

fractionation  with  the  increase  of  ni- 
trate concentration  by  5/2.  The  growth 
rate  was  inhibited  by  the  higher  con- 
centration of  nitrate  (59  mM). 

Because  nitrate  was  present  in  such 
a  large  excess,  no  variation  in  the  15N 
content  of  the  media  was  expected.  As 
cell  growth  proceeded,  however,  the  815N 
of  the  culture  medium  increased.  (An 
isotopic  correction  was  applied  for  the 


presence  of  the  Tris  [2-amino-2-hydrox- 
ymethyl-l,3-propanediol]  buffer  in  the 
media.)  Algae  are  known  to  excrete  am- 
monia when  growing  on  a  variety  of 
inorganic  nitrogen  substrates  (Fogg, 
1962;  Round,  1973).  Ammonia  and  small 
amounts  of  amino  acids  were  measured 
in  the  culture  media.  The  presence  of 
this  excretory  nitrogen  was  the  proba- 
ble cause  for  the  observed  change  in  the 
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Fig.  87.  Isotopic  fractionation  of  nitrate  by  Anabaena  sp.  strain  IF  and  cell  growth  as  a  function 
of  time. 
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overall  isotopic  composition  of  the  me- 
dia. Whether  the  excretory  nitrogen  it- 
self was  enriched  in  15N  as  a  result  of 
the  incorporation  of  isotopically  light 
nitrogen  into  the  organic  matter  of  the 
cells  or  as  a  result  of  the  isotopic  frac- 
tionation of  dissolved  ammonia  caused 
by  outgassing  from  the  culture  is  un- 
known. Isotopic  enrichment  of  residual 
ammonia  has  been  observed  during  vol- 
atization  in  control  experiments. 

A  small  fractionation  of  the  isotopes 
of  nitrogen  has  been  observed  during 
the  fixation  of  molecular  nitrogen  and 
incorporation  into  organic  material.  In 
contrast,  a  large  isotope  effect  occurred 
during  the  assimilation  and  reduction 
of  nitrate.  This  large  effect  is  most  likely 
the  result  of  these  two  processes  be- 
cause the  nitrogen  metabolism  of  am- 
monia into  organic  cell  material  is 
similar  for  both  the  initial  substrates 
(N2  and  N03).  A  release  of  isotopically 
enriched  excretory  nitrogen  into  the 
media  was  also  noted.  Most  likely,  this 
nitrogen  was  not  readily  used  by  An - 
abaena  because  of  the  high  nitrate  con- 
centrations. The  production  of 
isotopically  heavy  nitrogen  as  a  by- 
product of  the  uptake  and  reduction  of 
nitrate  has  important  implications  for 
the  overall  cycling  of  nitrogen.  The  iso- 
topic composition  of  nitrogen  in  algae 
growing  in  low-nitrate  environments 
would  be  affected  by  the  uptake  of  is- 
otopically enriched  excretory  nitrogen. 
In  nature,  other  trophic  levels  of  the 
food  chain  would  then  be  influenced  by 
the  consumption  of  those  species. 
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Stable  Nitrogen  Isotope  Effects 

in  the  Transamination  of  Amino 

Acids 

Stephen  A.  Macko,  Marilyn  L.  F.  Estep, 
M.  H.  Engel,  and  P.  E.  Hare 

The  organic  matter  of  biosphere  is, 
on  the  average,  enriched  in  15N  relative 
to  atmospheric  nitrogen  (Hoering,  1955; 
Gaebler  et  al.,  1963).  Furthermore,  an 
additional  enrichment  of  up  to  3%o  has 
been  observed  with  increasing  trophic 
level  of  food  chains  (Wada,  1979;  DeNiro 
and  Epstein,  1981;  Macko  et  al.,  1982). 
This  additional  fractionation  has  po- 
tential for  the  delineation  of  complex 
food  chains  in  the  natural  environment, 
where  food  sources  often  are  difficult  to 
assess  (Rau,  1981).  The  factors  control- 
ling the  isotopic  composition  of  nitro- 
gen in  various  parts  of  the  biological 
cycle  are  not  well  established.  Trans- 
amination is  the  major  process  occur- 
ring in  a  cell  whereby  -  NH2  is  trans- 
ferred from  one  amino  acid  to  an  a-keto 
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acid,  thus  forming  a  new  amino  acid. 
Such  reactions  are  major  branching 
points  in  the  flow  of  nitrogen  through 
a  cell.  Nitrogen  isotope  effects  during 
enzyme-mediated  transamination  re- 
actions are  reported  here.  It  is  the  first 
study  to  evaluate  the  in  vitro,  enzyme- 
catalyzed  isotope  fractionation  of  nitro- 
gen at  natural  abundance  levels.  The 
kinetic  isotope  effects  in  the  transfer  of 
nitrogen  from  glutamic  acid  to  aspartic 
acid  and  the  reverse  reaction  have  been 
measured  to  illustrate  the  fractionation 
process. 

Isotopic  Control  of  the 
Chromatographic  Procedures 

The  primary  requirement  for  the  iso- 
topic analysis  of  amino  acids  is  the  need 
for  complete  (base-line)  chromato- 
graphic separation  and  collection  of 
milligram  quantities  of  each  amino  acid, 
to  avoid  the  introduction  of  isotopic  er- 
rors (Gaebler  etal.,  1963).  Also,  the  sep- 
aration procedures  should  not  introduce 
any  contaminating  nitrogen.  All  stages 
of  the  chromatographic  procedure  em- 
ployed in  this  study  were  carefully 
checked  to  verify  that  there  were  no 
isotopic  fractionations  resulting  from 
the  technique. 

Standard  solutions  containing  glu- 
tamic acid  and  aspartic  acid  were  re- 
solved by  a  modification  of  the  procedure 
of  Hirs  et  al.  (1954).  Separation  was 
achieved  by  column  chromatography 
with  Dowex  1x8  anion-exchange  resin 
(200-400  mesh).  First,  batches  of  resin 
were  washed  successively  with  excess 
volumes  of  0.1  M  HC1,  distilled  water, 
0.1  M  NaOH,  and  finally  distilled  water. 
This  procedure  was  repeated  three  times. 
A  1.1-cm  (i.d.)  x  30-cm  glass  column 
was  then  packed  and  cycled  three  times 
with  a  sequence  of  50  ml  of  0.1  M  HC1, 
distilled  water,  0.1  M  NaOH,  and  dis- 
tilled water.  A  final  wash  with  0.1  M 
HC1  converted  the  cleaned  resin  to  the 
chloride  form.  The  column  was  then 
transformed  to  the  acetate  form  with 
2.0  M  acetic  acid,  and  then  washed  with 


excess  distilled  water.  Solutions  of  glu- 
tamic acid  and  aspartic  acid  dissolved 
in  distilled  water  were  placed  on  the 
column.  Glutamic  acid  was  eluted  with 
20-25  ml  of  0.4  M  acetic  acid.  Aspartic 
acid  was  then  eluted  with  3.0  M  acetic 
acid,  with  which  the  column  was  re- 
generated. The  column  was  washed  with 
distilled  water  after  regeneration.  The 
column  flow  rate  was  12  ml/hr. 

An  ISCO  fraction  collector  was  uti- 
lized to  collect  milliliter  fractions  of  the 
eluate.  The  amino  acid  composition  of 
10-(xl  aliquots  from  each  1-ml  fraction 
of  the  eluate  was  quantified  by  ion-ex- 
change chromatography  (Hare,  1972). 
Fractions  containing  glutamic  acid  and 
aspartic  acid  were  pooled  and  carefully 
dried.  Less  than  0.01%  overlap  occurred 
in  samples  containing  up  to  10  mg  of 
each  amino  acid  (Fig.  88). 

The  dried  samples  were  combusted  to 
nitrogen  gas  of  suitable  purity  for  iso- 
tope analysis  by  the  procedure  of  Macko 
et  al.  (this  Report).  No  significant  iso- 
topic differences  were  observed  among 
analyses  of  the  standard  amino  acids 
before  and  after  subjection  to  all  phases 
of  the  separation  procedure  (Table  48). 


Fig.  88.  Separation  of  standard  solution  of  glu- 
tamic acid  and  aspartic  acid. 
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Sample 

8lf 

'N,  %c 

Glutamic  Acid 

Standard  1 

+  7.3 

2 

+  7.2 

Dried  solution  1 

+  7.2 

2 

+  7.0 

Chromatographed  separately  1 
2 

+  7.2 

+  7.4 

Chromatographed  with 

aspartic 

acid  1 

2 

+  7.1 
+  7.0 

Average 

+  7.2  : 

±  0.2  (la) 

Aspartic  Acid 
Standard  1 

-5.5 

2 

-5.6 

Dried  solution  1 

-5.4 

2 

-5.3 

Chromatographed  separately  1 

2 

-5.2 
-5.1 

Chromatographed  with 

glutamic  acid  1 
2 

-5.6 
-5.4 

Average 

-5.4 

±  0.2  (la) 

Enzymatic  Reactions 

The  enzyme  (E),  porcine-heart  glu- 
tamic oxalacetic  transaminase  (EC  No. 
2.6.1.1),  was  purchased  in  purified  form 
from  Sigma  Chemical  Company,  St. 
Louis,  Missouri.  It  catalyzes  the  follow- 
ing reaction: 

E 

aspartic  acid  +  a-ketoglutarate  ^ 
oxalacetate  +  glutamic  acid. 

The  transaminase  had  a  specific  activ- 
ity of  193  |j.mol  of  product  formed  per 
min  per  mg  of  protein  at  39°C  and  was 
buffered  at  pH  7.5  in  0.1  M  phosphate. 
In  order  to  facilitate  chromatographic 
separation,  the  conversion  reaction  was 
carried  out  in  a  volume  of  30  ml.  The 
reaction  could  be  terminated  at  an  early 
enough  stage  to  observe  isotopic  frac- 
tionation, because  maximal  levels  of  the 
substrates  were  used.  The  reaction  mix 
initially  contained  45-150  |xmol  amino 
acid,  51-84  (xg  enzyme,  and  10  mM/1 
substrate. 


In  order  to  force  the  reactions  to  100% 
completion,  a  large  excess  of  a-keto  acid 
is  necessary.  At  high  concentrations  of 
this  substrate  (greater  than  50  mM), 
however,  the  reaction  was  inhibited.  The 
optimal  concentration  was  determined 
by  measuring  conversion  for  different 
substrate  concentrations  after  a  reac- 
tion period  of  15  min  (Fig.  89).  This  op- 
timum was  observed  to  be  approximately 
10  mM;  for  this  reason,  the  reaction  was 
performed  in  30  ml  of  solution  to  ac- 
commodate an  excess  of  the  a-keto  acid. 
With  this  concentration  of  substrate,  the 
reaction  could  be  forced  to  only  about 
35%  conversion  (Fig.  90).  At  100%  con- 
version, in  the  absence  of  equilibrium 
isotope  effects,  the  isotopic  composition 
of  the  product  should  be  identical  with 
that  of  the  initial  amino  acid  substrate. 

Duplicate  reactions  were  quenched 
at  two  separate  times  by  boiling  the  re- 
action mixtures  and  thus  denaturing  the 
enzyme.  The  percentage  of  reaction  was 
analyzed  by  monitoring  the  appearance 
and  disappearance  of  the  amino  acids 
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Aspartic  acid 


Glutamic  acid 


10  20  30  40  50  60 

[a-Ketoglutarate]  (mMI 

Fig.  89.  Effect  of  substrate  concentration  (a- 
keto  acid)  on  the  transamination  reaction. 


with  high-performance  liquid  chroma- 
tography. The  amino  acids  were  then 
isolated  by  preparative,  anion-ex- 
change  chromatography,  concentrated, 
and  isotopically  characterized. 

The  enzyme  action  results  in  con- 
stant yet  distinct  fractionations  for  each 
direction  of  the  reaction  (Fig.  91,  Table 
49).  The  fractionation  factors  ((3)  asso- 
ciated with  the  conversions  are  calcu- 
lated from  the  equation 

p  =  In  (1  -  /)/ln  (1  -  f)(rp/rs), 

where  f  is  the  fraction  of  the  initial 
reactant  that  has  been  converted  and 
rp  and  rs  are  the  respective  15N/14N  val- 
ues of  the  product  (p)  and  substrate  (s) 
for  each  direction  of  the  reaction  (Hoer- 
ing,  1957).  Both  enzymatic  reactions 
have  (3  values  that  are  greater  than  un- 
ity, and  this  result  indicates  a  prefer- 
ence for  the  transfer  of  14NH2  over  15NH2. 
The  reason  for  the  differences  in  the 
size  of  the  isotope  effect  is  not  known. 
Possible   explanations   include   differ- 
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Fig.  90.  Conversion  percentage  as  a  function 
of  time  at  constant  substrate  concentration. 


ences  in  the  way  in  which  the  enzyme 
ruptures  the  C-N  bond  or  in  the  stabil- 
ity of  the  activated  complex. 

The  observed  kinetic  isotope  effects 
favor  the  formation  of  15N-depleted 
products  in  both  reactions.  Transami- 
nation enzymes  catabolize  nitrogen  for 
at  least  twelve  other  amino  acids.  Be- 
cause both  amino  acids  formed  were  de- 
pleted in  15N,  one  could  expect  similar 
fractionations  in  other  reactions  in- 
volving the  transamination  of  a-keto 
acids. 

In  a  laboratory  study  of  animal-diet 
relationships,  an  enrichment  of  15N  in 
the  animal  relative  to  its  diet  was  mea- 
sured in  certain  amino  acids  isolated 
from  rats  (Gaebler  et  al.,  1966).  Non- 
essential amino  acids  (those  that  the 
animals  could  biosynthesize  them- 
selves) tended  to  have  greater  concen- 
trations of  15N  than  essential  amino 
acids  (those  that  the  animals  derived 
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TABLE  49.  Isotopic  Analysis  of 
Transamination  Reactions 


0  20         40        60         80        100 

%  Conversion 


B.   Asp  +  a-ketoglutarate  ■ 
Glu  +  oxaloacetate 


-101 1 1 


0  20         40         60         80        100 

%  Conversion 

Fig.  91.  Isotopic  compositions  of  glutamic  acid 
and  aspartic  acid  during  transamination. 


directly  from  their  diet).  The  mecha- 
nism for  such  an  enrichment  was  sug- 
gested by  Gaebler  et  al.  (1966)  to  be  the 
accumulation  of  15N  during  the  trans- 
amination of  a-keto  acids.  Further  en- 
richment in  higher  trophic  levels  of  food 
chains  has  also  been  thought  to  be  due 
to  the  process  of  transamination  (Wada 
et  a/., 1975;  Kreitler,  1975). 

On  the  basis  of  the  findings  of  this 


815N 

515N 

% 

Substrate 

Product 

Conversion 

P 

A.  Conversion 

of  Glutamic  Acid  to  Aspartic  Acid* 

+  7.2 

0.0 

+  8.9 

-0.5 

18.2 

1.0085 

+  10.1 

+  0.6 

31.9 

1.0081 

+  7.2 

100.0 

Average 

1.0083 

B.  Conversion  ofAspart 

ic  Acid  toGlutam  ic  Acid* 

-5.4 

0.0 

-5.0 

-7.1 

7.5 

1.0018 

-4.8 

-6.7 

32.8 

1.0016 

-5.4 

100.0 

Average 

1.0017 

"Average  values,  replicates. 


study,  the  transaminase  reaction  can- 
not be  the  sole  explanation  for  the  iso- 
topic enrichments  observed  in  certain 
nonessential  amino  acids,  nor  can  the 
further  enrichment  in  higher  trophic 
levels  of  food  webs  be  simply  due  to  the 
process  of  transamination.  A  more  com- 
plex pathway  in  the  assimilation  and 
metabolism  of  organic  nitrogen  is  likely. 
Other  possibilities  for  the  enrichment 
of  15N  in  food  chains  are  being  inves- 
tigated so  that  the  biogeochemical  cycle 
of  nitrogen  may  be  better  understood. 
Excretory  nitrogen  in  the  form  of  urea 
has  been  observed  to  be  depleted  in  15N 
relative  to  feed  (Steele  and  Daniel,  1978). 
The  biochemical  reactions  resulting  in 
this  depletion  are  certainly  implicated 
in  the  mechanism  of  the  enrichment  ob- 
served in  the  animal  tissues  over  diet. 
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Racemization  Rates  of  the  Basic 
Amino  Acids 

M.  H.  Engel  and  P.  E.  Hare 

Use  of  the  rates  of  amino  acid  race- 
mization for  geochronological  studies  is 
based  on  the  assumption  that  the  re- 
actions follow  a  first-order  reversible 
rate  law  at  constant  temperature  and 
pH.  Laboratory  simulation  experi- 
ments indicate  that  this  assumption  is 
acceptable  for  acidic  and  neutral  amino 
acids  in  the  free  form  (Williams  and 
Smith,  1977,  and  references  therein). 
The  rate  of  racemization  of  amino  acid 
constituents  of  peptides  and  proteins, 
however,  may  be  complicated  by  a  va- 
riety of  parameters,  including  hydrol- 
ysis and  cyclization  during  diagenesis, 
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as  well  as  formation  of  racemic  amino 
acids  as  decomposition  products  (Stein- 
berg and  Bada,  1981;  Bada  et  al.,  1982; 
Engel  and  Hare,  this  Report). 

Relatively  little  is  known  about  the 
rates  of  racemization  of  the  basic  amino 
acids.  Engel  and  Hare  {Year  Book  80, 
394-397)  have  recently  developed  a 
method  for  resolving  the  D-  and  L-en- 
antiomers  of  the  basic  amino  acids  and 
have  used  this  procedure  to  measure 
the  d/l  values  of  lysine  (Lys),  histidine 
(His),  and  arginine  (Arg)  in  fossil  shell 
(Hare  and  Engel,  Year  Book  80,  398- 
400).  In  the  present  study,  experiments 
were  conducted  at  elevated  tempera- 
tures to  determine  racemization  rates 
for  Lys,  His,  and  Arg  and  to  assess  the 
potential  usefulness  of  these  amino  acids 
for  geochronological  studies. 

Experimental  Methods 

Two-milliliter  aliquots  of  an  aqueous 
solution  containing  L-Lys  (0.06  M),  L- 
His  (0.05  M),  and  L-Arg  (0.05  M)  were 
sealed  in  Pyrex  tubes  under  nitrogen 
and  heated  at  100°C  for  up  to  2012.5 
hr.  The  initial  pH  of  the  solutions  was 
7.5.  At  various  times  the  pH  of  the  so- 
lutions was  analyzed  directly  and  the 
extent  of  racemization  of  Lys,  His,  and 
Arg  was  determined  with  the  high-per- 
formance liquid  chromatographic  pro- 
cedure of  Engel  and  Hare  (Year  Book 
80,  394-397).  In  addition,  aliquots  of 
the  solutions  were  analyzed  by  ion-ex- 
change chromatography  (Hare,  1972) 
to  determine  the  relative  stabilities  of 
Lys,  His,  and  Arg  during  heating,  as 
well  as  to  determine  whether  any  de- 
composition products  could  be  detected. 

The  analysis  of  geological  samples  for 
amino  acid  enantiomeric  composition 
frequently  involves  an  acid  hydrolysis 
step.  Hydrolysis  with  6  N  HC1  is  usu- 
ally accomplished  in  a  sealed  tube  un- 
der an  inert  atmosphere  or  vacuum  at 
150°,  110°,  or  100°C  for  0.25,  22.0,  or 
24.0  hr,  respectively.  Samples  of  L-Lys, 
L-His,  and  L-Arg  were  dissolved  in  6  N 
HC1,  sealed  in  Pyrex  tubes  under  ni- 
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trogen  and  heated  at  150°,  110°,  and 
101°C  for  0.25,  22.0,  and  24.0  hr,  re- 
spectively, to  determine  the  extent  of 
racemization  induced  by  these  hydro- 
lytic  procedures. 

Results  and  Discussion 

The  pH  of  the  aqueous  solutions  con- 
taining Lys,  His,  and  Arg  remained  at 
7.5  until  termination  of  the  heating  ex- 
periment at  2012.5  hr.  Lysine,  His,  and 
Arg  followed  a  first-order  reversible  rate 
law.  The  d/l  values  and  first-order  re- 
versible rate  constants  (kj)  for  Lys,  His, 
and  Arg  are  listed  in  Table  50.  Plots  of 
the  In  [(1  +  d/l)/(1  -  d/l)],  vs.  time  are 
shown  for  Lys,  His,  and  Arg  in  Fig.  92. 
Lysine  and  His  racemized  at  about  the 
same  rate,  whereas  the  racemization 
rate  for  Arg  was  slower.  The  concen- 
trations of  Lys,  His,  and  Arg  decreased 
at  slow,  yet  detectable  rates  during 
heating.  After  300  hr  of  heating,  traces 
of  glycine  (Gly)  and  alanine  (Ala)  were 
detected,  but  remained  at  very  low  lev- 
els throughout  the  remainder  of  the 
heating  experiment.   Amino  acid  de- 


composition resulted  in  a  gradual  in- 
crease in  the  concentration  of  ammonia 
during  heating.  Ornithine  (Orn),  pre- 
sumably derived  from  the  partial  hy- 
drolysis of  Arg,  was  detected  in 
increasing  abundance  during  heating. 
The  concentrations  of  Lys,  His,  Arg,  Orn, 
Gly,  Ala,  and  ammonia  as  a  function  of 
heating  time  are  listed  in  Table  51. 

The  rate  of  racemization  of  Orn  was 
markedly  higher  than  that  of  Lys,  His, 
or  Arg.  Ornithine  was  almost  racemic 
after  800  hr  of  heating  at  100°C.  Race- 
mization rates  of  terminal  amino  acid 
substituents  of  peptides  have  been  re- 
ported to  be  enhanced  by  cyclization, 
leading  to  the  formation  of  diketopi- 
perazines  during  heating  at  100°C  and 
pH  5.8-7.6  (Steinberg  and  Bada,  1981). 
If  Orn  maintained  its  linear  structure 
during  heating,  it  would  be  expected  to 
racemize  at  a  rate  similar  to  that  of  Lys. 
It  is  hypothesized  that  Orn,  by  way  of 
neighboring-group  participation,  may 
be  reversibly  cyclizing  to  a  six-mem- 
bered  ring,  which  in  some  way  mimics 
the  enhanced  racemization  rates  ob- 
served for  diketopiperazines.  Cycliza- 


TABLE  50.  Amino  Acid  d/l  Values*  and  First-Order  Reversible  Rate  Constants 


Lys 

His 

Arg 

Orn 

k 

,,  hr"1 

k„  hr1 

k 

i,  hr"1 

k 

u  hr   x 

Time,  hr 

D/L              X    10"4 

D/L 

x  10"4 

d/l          ; 

<  10"4 

d/l          x  10  4 

24.00 

0.028 

12.5 

0.027 
±0.013 

12.5 

0.009 
±0.002 

4.17 

...t 

135.25 

0.056 
±0.010 

4.07 

0.062 
±0.004 

4.44 

0.030 
±0.004 

2.22 

205.50 

0.048 
±0.008 

2.43 

0.064 
±0.001 

3.16 

0.035 
±0.013 

1.70 

0.652 
±0.031 

3.80 

307.25 

0.106 
±0.004 

3.42 

0.105 
±0.012 

3.42 

0.058 
±0.010 

1.95 

0.761 
±0.037 

3.25 

648.00 

0.230 
±0.014 

3.63 

0.219 
±0.034 

3.47 

0.116 
±0.010 

1.77 

863.50 

0.299 
±0.028 

3.59 

0.301 
±0.020 

3.59 

0.142 
±0.019 

1.68 

0.953 
±0.034 

2.16 

1177.00 

0.398 
±0.020 

3.57 

0.424 
±0.016 

3.87 

0.222 
±0.012 

1.91 

1528.75 

0.509 
±0.011 

3.66 

0.533 
±0.016 

3.89 

0.309 
±0.022 

2.09 

2012.50 

0.654 
±0.022 

3.88 

0.636 
±0.022 

3.73 

0.417 
±0.021 

2.21 

0.998 
±0.040 

*d/l  values  are  an  average  of  at  least  three  chromatographic  determinations. 
tValue  not  determined. 
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Fig.  92.  Racemization  of  Lys,  His,  and  Arg  as 
a  function  of  heating  time  (100°C).  pH  =  7.5. 
Vertical  bars  denote  the  standard  errors.  The  plots 
are  based  on  the  following  equation  for  first-order 
reversible  kinetics: 


In 


where 


p                     - 

r-               -i 

1    +   D/L 
1   -   D/L 

t 

In 

1    +   D/L 
1   -   D/L 

£  =  0 


2k,t, 


1    +   D/L 


1    -   D/L 


t  =  0 


t  =  time,  and  k,  =  the  first-order  reversible  rate 
constant. 


tion  of  Lys  would  result  in  a  seven- 
membered  ring,  which  is  less  favored. 
Exposure  of  Lys,  His,  and  Arg  to  a 
variety  of  6  N  HC1  hydrolysis  condi- 
tions resulted  in  detectable  differences 
in  racemization  rates.  The  d/l  values 
are  listed  in  Table  52.  Minimal  race- 
mization occurred  when  the  samples 
were  heated  for  0.25  hr  at  150°C. 
Whereas  samples  heated  at  101°C  for 
24.0  hr  were  slightly  more  racemized, 
maximal  racemization  occurred  when 
Lys,  His,  and  Arg  were  exposed  to  6  N 
HC1  for  22.0  hr  at  110°C,  the  most  com- 
mon hydrolysis  procedure. 

Conclusions 

Arginine,  His,  and  Lys  follow  a  first- 
order  reversible  rate  law  when  heated 
(100°C)  in  aqueous  solution  at  pH  7.5, 
indicating  that  the  basic  amino  acids 
may  be  useful  for  geochronological 
studies  of  fossil  shell.  Additional  sim- 
ulation experiments  are  required  in 
which  a  modern  shell  is  heated  for  vary- 
ing lengths  of  time,  as  well  as  direct 
analyses  of  the  basic  amino  acids  in  pro- 
gressively older  fossil  shells  of  a  single 
species  in  a  region  with  a  stable  ther- 
mal history. 

With  respect  to  acid  hydrolysis  con- 
ditions, heating  samples  for  24.0  hr  at 
100°  or  101°C  or  0.25  hr  at  150°C,  may, 
when  enantiomeric  studies  are  under- 
taken, be  preferable  to  hydrolysis  at 
110°C  for  24.0  hr.  It  is  necessary  to  con- 
duct additional  experiments  in  which 
peptides  that  contain  Lys,  His,  and  Arg 
are  subjected  to  a  variety  of  hydrolysis 
conditions  to  evaluate  further  the  ex- 
tent of  racemization  as  well  as  amide 
bond  cleavage  as  a  function  of  time  and 
temperature. 
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TABLE  51.  Amino  Acid  and  Ammonia  Concentrations,  mM 


Time,  hr 


Gly 


Ala 


His 


Orn 


Lys 


Arg 


NHa 


0.00 

135.25 

307.25 

863.50 

2012.50 


trt 

tr 
tr 


51.0 
45.0 
38.0 
27.0 
21.0 


0.28 
0.43 
1.0 
3.0 


63.0 
63.0 
59.0 
45.0 
39.0 


49.0 
47.0 
45.0 
32.0 
15.0 


2.0 
4.0 
4.0 
4.0 
6.0 


*Amino  acid  not  detected. 
tTrace. 


TABLE  52.  Extent  of  Racemization  during 
Hydrolysis* 


Temp., 
Time,  hr        °C 


D/L 


Lyst 


His 


Arg 


0.25        150.0 
22.0  110.0 

24.0  101.0 


0.007 
:  0.003 

0.022 
:  0.003 

0.013 
:  0.003 


0.016 
±0.001 

0.053 
±0.003 

0.028 
±0.001 


0.006 
0.001 
0.023 

:  0.003 
0.010 

:  0.001 


*Prior  to  heating  in  6  N  HC1,  D-amino  acids 
were  below  detection.  D/L  values  are  an  average 
of  at  least  four  chromatographic  determinations. 

tDuring  acid  hydrolysis,  Lys  racemized  at  a 
slower  rate  than  His.  In  aqueous  solution  (pH 
7.5),  Lys  and  His  racemized  at  similar  rates 
(Table  50). 


Steinberg,  S.  M.,  and  J.  L.  Bada,  Elevated  tem- 
perature experiments  using  di-  and  tripeptides 
and  their  implications  for  the  mechanism  of 
racemization  in  calcareous  fossils  (abstr.),  Abstr. 
with  Progr.  Geol.  Soc.  Amer.,  13,  560,  1981. 

Williams,  K.  M.,  and  G.  G.  Smith,  A  critical  eval- 
uation of  the  application  of  amino  acid  race- 
mization to  geochronology  and  geothermometry, 
Origins  Life,  8,  91-144,  1977. 


The  Condensation  of  Amino  Acids 

and  Sugars:  an  Evaluation  of 

Stereochemistry,  Decomposition, 

and  Rearrangement  Reactions 

M.  H.  Engel  and  P.  E.  Hare 

The  majority  of  organic  matter  in  the 
earth's  crust  consists  of  kerogen.  The 
condensation  of  amino  acids  and  car- 
bohydrates is  a  potentially  early  diage- 
netic  pathway  that  may  contribute  to 
the  eventual  formation  of  kerogen. 


Simulation  experiments  of  the  early  di- 
agenetic  reactions  of  amino  acids  and 
sugars  in  aqueous  solution  demon- 
strated that  reducing  sugars  can  en- 
hance amino  acid  racemization  rates 
(Zumberge,  1979).  Little  is  known  about 
the  stereochemistry  or  structural  in- 
tegrity of  amino  acids  and  sugars  sub- 
sequent to  the  formation  of  insoluble 
polymeric  material  called  melanoidins. 
Amino  acids  extracted  with  hydrochlo- 
ric acid  from  humic  materials  in  fossil 
shells  were  observed  to  be  less  race- 
mized than  amino  acids  isolated  from 
the  total  shell  material  (Hoering,  1980). 
Also,  it  has  been  reported  that  amino 
acids  extracted  with  water  from  natu- 
rally occurring  kerogens  and  graphitic 
material  were  more  racemized  than 
amino  acids  recovered  during  subse- 
quent acid  extractions  of  these  samples 
(Nagy  et  al.,  1981;  Engel  and  Nagy, 
1982).  It  is  uncertain  whether  this  ob- 
served retardation  in  racemization  rates 
is  a  function  of  amino  acid  interaction 
with  the  kerogen  or  with  inorganic  rock 
matrices  (e.g.,  layer  lattice  silicates). 

At  elevated  temperatures  the  basic 
amino  acids,  lysine  (Lys),  histidine  (His), 
and  arginine  (Arg)  disappear  rapidly  in 
the  presence  of  humic  material,  kero- 
gens, and  sugars  (Abelson  and  Hare, 
Year  Book  69,  327-334;  Engel,  unpub- 
lished results).  This  disappearance  is 
attributed  to  complexation,  polymeri- 
zation, or  decomposition  reactions.  In 
the  present  study,  aqueous  solutions  of 
L-Lys,  L-His,  and  L-Arg  were  heated  in 
the  presence  of  excess  D-glucose.  A  com- 
bination of  gas-chromatographic  and 
high-performance  liquid-chromatogra- 
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phic  techniques  were  used  to  determine 
the  extent  of  racemization,  decomposi- 
tion, and  rearrangement  of  amino  acids 
in  the  aqueous  solutions,  as  well  as  in 
extracts  of  the  resultant  insoluble 
melanoidin  polymers. 

Experimental  Methods 

Two-milliliter  aliquots  of  a  solution 
containing  L-Lys  (0.06  M),  L-His  (0.05 
M),  L-Arg  (0.05  M),  and  D-glucose  (0.5 
M)  were  sealed  in  Pyrex  tubes  under 
nitrogen  and  heated  at  100°C  for  up  to 
386.0  hr.  The  initial  pH  of  the  solution 
was  7.5.  After  138.0,  213.5,  314.0,  and 
386.0  hr  of  heating,  the  resultant  in- 
soluble polymers  were  isolated  from  the 
aqueous  solutions  by  centrifugation  fol- 
lowed by  filtration  with  0.45  (xm  Gel- 
man  Metricel,  type  VF-6  filters.  After 
the  pH  was  determined,  the  aqueous 
solutions  were  analyzed  for  total  amino 
acid  composition  by  ion  exchange  chro- 
matography (Hare,  1972).  Amino  acid 
stereochemistry  was  monitored  with  a 
combination  of  gas-chromatographic  and 
high-performance  liquid-chromatogra- 
phic  techniques  (Engel  and  Hare,  Year 
Book  80,  394-397).  Next,  the  insoluble 
polymers  were  washed  six  times  with 
water.  The  polymers  were  isolated  from 
the  washes  by  filtration,  with  0.45  |xm 
Gelman  Metricel,  type  VF-6  filters.  The 
polymers  were  dried  at  room  tempera- 
ture overnight.  Next,  approximately 
25.0-mg  samples  of  the  polymers  were 
extracted  one  or  more  times  with  1.0 
ml  of  6  N  HC1  or  water  for  24  hr  at 
100°C  in  tubes  sealed  under  nitrogen. 
The  extracts  were  analyzed  for  amino 
acid  composition  and  extent  of  race- 
mization with  the  same  techniques  used 
to  analyze  the  aqueous  solutions. 

Results  and  Discussion 

After  24  hr  of  heating,  the  solutions 
containing  L-Lys,  L-His,  L-Arg,  and  D- 
glucose  began  to  darken.  At  the  onset 
of  melanoidin  precipitation  (approxi- 
mately 100  hr)  the  pH  of  the  solutions 


stabilized  at  3.4  until  termination  of  the 
experiment.  The  respective  abundances 
and  concentrations  of  amino  acids  and 
ammonia  recovered  from  the  melanoi- 
din polymer  extracts  and  aqueous  so- 
lutions are  listed  in  Table  53.  The 
concentration  of  Arg  decreased  rapidly. 
After  213.5  hr  of  heating,  Arg  was  not 
detected  in  the  aqueous  solutions  or  in 
the  polymer  extracts.  In  the  absence  of 
glucose,  Arg  is  relatively  stable  when 
heated  (100°C)  in  aqueous  solution  in 
the  presence  of  Lys  and  His.  In  the  pres- 
ence of  glucose,  Arg  either  is  irrever- 
sibly complexed  to  glucose  in  the  solution 
or  precipitate,  or  has  decomposed.  A  de- 
crease in  concentration  of  Lys  and  His 
in  the  aqueous  solutions  occurred  over 
the  first  138.0  hr  of  heating.  The  con- 
centrations of  Lys  and  His  remained 
constant  subsequent  to  this  initial  drop, 
until  termination  of  the  experiment 
(386.0  hr). 

Initial  extractions  of  the  insoluble 
melanoidin  polymers  with  6  N  HC1  (24 
hr,  100°C)  resulted  in  the  recovery  of 
additional  quantities  of  Lys  and  His. 
Repeated  acid  extractions  of  the  poly- 
meric material  resulted  in  lower  recov- 
eries of  Lys  and  His.  It  is  interesting  to 
note,  however,  that  after  the  first  ex- 
traction, the  recovery  of  Lys  and  His 
was  approximately  the  same  for  each 
of  four  additional  acid  extractions  (24 
hr,  100°C)  of  the  polymer  that  was  iso- 
lated after  213.5  hr  of  heating.  Portions 
of  the  polymer  recovered  after  314.0  hr 
of  heating  were  extracted  separately 
with  6  N  HC1  and  with  water  (24  hr, 
100°C).  Water  extraction  was  appar- 
ently less  efficient,  as  it  resulted  in  the 
recovery  of  smaller  quantities  of  amino 
acids. 

In  addition  to  Lys,  His,  and  Arg, 
quantities  of  ornithine  (Orn),  glycine 
(Gly),  alanine  (Ala),  and  ammonia,  as 
well  as  a  variety  of  yet-unidentified  ni- 
trogen-containing compounds,  were  de- 
tected in  the  aqueous  solutions  and 
polymer  extracts.  Ornithine  is  thought 
to  result  from  the  partial  hydrolysis  of 
Arg.  The  respective  concentrations  and 
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TABLE  53.  Amino  Acid  and  Ammonia  Concentrations  and  Abundances 
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Time, 

hr                     Fraction 

Lys 

His 

Arg 

Orn 

Ala 

Gly 

Ammonia 

Concentration,  mM 

0.0 

Solution 

63.0 

51.0 

49.0 

...* 

2.0 

24.0 

Solution 

34.0 

29.0 

13.0 

0.5 

4.0 

138.0 

Solution 

11.0 

6.0 

n.d.t 

0.3 

0.5 

n.d. 

213.5 

Solution 

16.0 

7.0 

0.3 

0.4 

1.0 

0.3 

5.0 

314.0 

Solution 

15.0 

6.0 

0.4 

1.0 

0.4 

5.0 

386.0 

Solution 
Abundance,  nmlmg 

14.0 

5.0 

0.5 

2.0 

n.d. 

9.0 

213.5 

Polymer  (HC1,A) 

2.3 

7.0 

1.3 

1.1 

0.6 

4.3 

213.5 

Polymer  (HC1.B) 

0.3 

2.0 

0.1 

0.4 

0.4 

0.2 

1.1 

213.5 

Polymer  (HC1.C) 

0.2 

1.1 

0.1 

0.3 

0.3 

0.1 

0.8 

213.5 

Polymer  (HC1.D) 

0.2 

1.2 

0.1 

0.2 

0.3 

0.1 

0.9 

213.5 

Polymer  (HC1.E) 

0.1 

0.9 

0.1 

0.2 

0.2 

0.1 

0.8 

314.0 

Polymer  (HC1.A) 

2.5 

7.4 

1.4 

0.9 

0.5 

3.4 

314.0 

Polymer  (HC1,B) 

0.6 

2.0 

0.6 

0.4 

0.1 

0.8 

314.0 

Polymer  (H20,A) 

0.4 

0.7 

0.1 

0.1 

0.1 

0.6 

386.0 

Polymer  (HC1.A) 

0.8 

2.9 

0.6 

0.4 

0.2 

1.5 

386.0 

Polymer  (HC1,B) 

0.3 

1.2 

0.3 

0.3 

0.1 

0.7 

*  Amino  acid  below  detection  at  concentration  analyzed. 
tValue  not  determined. 


abundances  of  Orn,  Gly,  Ala,  and  am- 
monia are  also  listed  in  Table  53. 

The  d/l  values  and,  when  appropri- 
ate, first-order  reversible  rate  con- 
stants for  the  racemization  reactions  for 
Lys,  His,  Orn,  and  Ala  are  listed  in  Ta- 
ble 54.  Because  of  rapid  decomposition 
it  was  impossible  to  determine  D/L  val- 
ues for  Arg.  In  aqueous  solution  (pH 
3.4)  Lys,  His,  and  Orn  racemized  at 
similar  rates  and  followed  first-order 
reversible  kinetics.  Alanine  was  ra- 
cemic  at  the  onset  of  its  detection,  a 
result  indicating  that  either  it  race- 
mizes  rapidly  under  the  experimental 
conditions  employed  or  its  formation, 
by  way  of  decomposition  of  one  of  the 
basic  amino  acids  or  melanoidins,  in- 
volves the  loss  of  asymmetry. 

Initial  6  N  HC1  extracts  (identified 
as  HC1,A  in  Tables  53  and  54)  of  the 
polymers  recovered  after  138.0,  213.5, 
314.0,  and  386.0  hr  of  heating  were 
analyzed  for  amino  acid  enantiomeric 
composition  (Table  54).  Alanine  was 
again  found  to  be  racemic  from  the  time 
of  its  initial  detection.  Histidine  and  or- 
nithine followed  first-order  reversible 


kinetics,  but  racemized  at  a  slower  rate 
in  the  polymer  HC1,A  extracts  than  in 
the  parent  aqueous  solutions.  Plots  of 
In  [(1  +  d/l)/(1  -  d/l)],  vs.  time  for  His 
in  the  aqueous  solutions  and  in  the 
HC1,A  extracts  of  the  polymers  are 
shown  in  Fig.  93.  Similar  plots  are  shown 
for  Orn  in  Fig.  94.  It  could  be  inter- 
preted that  the  L-enantiomers  of  His  and 
Orn  may  be,  to  some  extent,  stereose- 
lectively  incorporated  into  the  mela- 
noidin  polymers.  Stereoselective  incor- 
poration is,  however,  unlikely.  Pre- 
vious studies  in  which  racemic  amino 
acids  were  heated  in  the  presence  of  d- 
glucose  did  not  result  in  glucose  pref- 
erentially reacting  with  the  D-  or  L-en- 
antiomers (Zumberge,  1979).  An 
alternative  explanation  would  be  that 
after  these  amino  acids  are  incorpo- 
rated into  or  complexed  to  the  surface 
of  the  polymer,  the  loss  of  asymmetry 
may  be  hindered,  resulting  in  dimin- 
ished racemization  rates. 

Because  of  coelution  of  unidentified 
compounds  (decomposition  products) 
with  Lys  it  was  difficult  to  determine 
d/l  values  for  Lys  by  high-performance 


428  CARNEGIE    INSTITUTION 

TABLE  54.  Amino  Acid  d/l  Values*  and  First-Order  Reversible  Rate  Constants  (kx) 


Lys 

H 

is 

O: 

rn 

Ala 

k„  hr1 

*/,  hr"1 

Jfey.hr-1 

Time, 

hr      Fraction 

D/L 

x  10~4 

D/L 

x   10~3 

D/L 

x  10"3 

D/L 

0.0 

Solution 

...t 

n.d.* 

n.d. 

n.d. 

24.0 

Solution 

n.d. 

0.034 
±0.006 

1.42 

n.d. 

138.0 

Solution 

0.106 
±0.002 

7.61 

0.343 
±0.049 

2.59 

0.346 
±0.021 

2.61 

1.019§ 
±0.114 

213.5 

Solution 

0.185 
±0.004 

8.67 

0.545 
±0.020 

2.86 

0.510 
±0.017 

2.65 

1.005 
±0.015 

314.0 

Solution 

0.234 
±0.006 

7.64 

0.665 
±0.052 

2.55 

0.578 
±0.009 

2.10 

1.022 
±0.055 

386.0 

Solution 

0.335 
±0.003 

9.07 

0.787 
±0.076 

2.76 

0.717 
±0.008 

2.33 

1.000 
±0.010 

138.0 

Polymer 

(HC1,A)|| 

n.d. 

n.d. 

0.331 
±0.025 

2.49 

n.d. 

n.d. 

n.d. 

213.5 

Polymer 

0.268 

12.9 

0.384 

1.89 

0.402 

1.99 

1.037 

(HC1.A) 

±0.013 

±0.033 

±0.013 

±0.011 

213.5 

Polymer 
(HC1,B) 

n.d. 

n.d. 

0.533 
±0.047 

2.78 

n.d. 

n.d. 

n.d. 

213.5 

Polymer 
(HC1.C) 

n.d. 

n.d. 

0.717 
±0.033 

4.22 

n.d. 

n.d. 

n.d. 

213.5 

Polymer 
(HC1.D) 

n.d. 

n.d. 

0.804 
±0.058 

5.20 

n.d. 

n.d. 

n.d. 

213.5 

Polymer 
(HC1,E) 

n.d. 

n.d. 

1.054 
±0.025 

n.d. 

n.d. 

n.d. 

n.d. 

314.0 

Polymer 

0.313 

10.4 

0.453 

1.56 

0.471 

1.62 

0.998 

(HC1,A) 

±0.012 

±0.023 

±0.017 

±0.228 

314.0 

Polymer 
(HC1,B) 

n.d. 

n.d. 

0.580 
±0.030 

2.11 

n.d. 

n.d. 

n.d. 

314.0 

Polymer 
(HC1.C) 

n.d. 

n.d. 

0.910 
±0.050 

4.86 

n.d. 

n.d. 

n.d. 

314.0 

Polymer 
(HC1,D) 

n.d. 

n.d. 

0.926 
±0.081 

5.19 

n.d. 

n.d. 

n.d. 

314.0 

Polymer 
(H20,A) 

0.336 
±0.024 

11.1 

0.479 
±0.032 

1.66 

n.d. 

n.d. 

n.d. 

314.0 

Polymer 
(H20,B) 

0.546 
±0.055 

19.5 

0.700 
±0.060 

2.76 

n.d. 

n.d. 

n.d. 

386.0 

Polymer 

0.381 

10.4 

0.479 

1.35 

0.512 

1.46 

0.997 

(HC1.A) 

±0.015 

±0.024 

±0.010 

±0.057 

386.0 

Polymer 
(HC1,B) 

n.d. 

n.d. 

0.750 
±0.050 

2.52 

n.d. 

n.d. 

n.d. 

386.0 

Polymer 
(HC1.C) 

n.d. 

n.d. 

1.058 
±0.084 

n.d. 

n.d. 

n.d. 

n.d. 

*D/L  values  are  an  average  of  at  least  three  chromatographic  determinations. 
tD  or  L  peak,  or  both,  are  below  detection, 
t  Value  not  determined. 

§Alanine  was  racemic  at  the  onset  of  its  detection. 

UPortions  of  the  polymers  were  extracted  for  24  hr  at  100°C  with  HC1  or  H20.  Series,  e.g.,  HC1,A, 
HC1,B,  ...,  represent  repeated  extractions  of  the  same  polymer  sample. 


liquid  chromatography.  Gas-chromato-  lutions  and  in  the  HC1,A  extracts  of  the 

graphic  analyses  of  Lys  resulted  in  im-  polymers.  The  rate  of  racemization  for 

proved  resolution.  These  analyses  Lys  was  slower  in  the  aqueous  solutions 

indicated  that  Lys  followed  first-order  than  in  the  polymer  HC1,A  extracts  (Fig. 


reversible  kinetics  in  the  aqueous  so-     95). 


GEOPHYSICAL     LABORATORY 

i r 

2.5  - 

2.0 

"  1.5  - 


-      1.0 


0.5  - 


Fig.  93.  Racemization  of  histidine  (His)  in 
aqueous  solution  (A)  and  in  HC1,A  polymer  ex- 
tracts (B)  as  a  function  of  heating  time  (100°C). 
Vertical  bars  denote  the  standard  errors.  The  plots 
are  based  on  the  equation  for  first-order  revers- 
ible kinetics  given  in  Fig.  92. 
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Fig.  94.  Racemization  of  ornithine  (Orn)  in 
aqueous  solution  (A)  and  in  HC1,A  polymer  ex- 
tracts (B)  as  a  function  of  heating  time  (100°C). 
Vertical  bars  denote  the  standard  errors.  The  plots 
are  based  on  the  equation  for  first-order  revers- 
ible kinetics  given  in  Fig.  92. 

After  initial  6  N  HC1  or  water  ex- 
tractions, the  polymers  were  rinsed  re- 
peatedly with  water,  filtered,  and  then 
reextracted  for  24  hr  at  100°C.  In  one 
instance  (i.e.,  the  polymer  recovered  af- 
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ter  213.5  hr  of  heating)  the  6  N  HC1 
extraction  was  repeated  an  additional 
four  times  (HC1,B-HC1,E).  The  d/l  val- 
ues determined  for  His  are  listed  in  Ta- 
ble 54.  With  each  successive  extraction 
of  the  polymers,  the  extent  of  race- 
mization of  His  increased.  Successive 
acid  extractions  of  the  polymers  were 
terminated  when  His  was  found  to  be 
racemic.  Because  of  a  lack  of  sample  for 
gas-chromatographic  analyses  it  was 
impossible  to  determine  d/l  values  for 
Lys  in  the  additional  acid  extracts.  When 
a  portion  of  the  polymer  recovered  after 
314.0  hr  of  heating  was  subjected  to  two 
consecutive  water  extractions  (24  hr, 
100°C),  however,  the  extent  of  race- 
mization of  Lys  as  well  as  His  increased 
(Table  54).  The  coelution  of  unidenti- 
fied compounds  with  Lys  did  not  occur 
during  high-performance  liquid-chro- 
matographic  analyses  when  the  poly- 
mer was  extracted  with  water  instead 
of  acid.  Agreement  was  found  between 
the  d/l  values  of  Lys  and  His  in  the 
HC1,A  and  H20,A  extracts  of  the  poly- 
mer recovered  after  314.0  hr  of  heating. 
The  observed  increase  in  d/l  values  for 
Lys  and  His  may  be  an  artifact  of  ex- 
traction, although  it  cannot  be  entirely 
discounted  that  the  successive  acid  or 
water  extractions  may  be  releasing  more 
highly  racemized  amino  acid  fractions 
from  the  polymers.  In  the  present  study, 
there  was  not  enough  sample  to  eval- 
uate (by  gas  chromatography)  whether 
successive  extractions  of  the  polymers 
influenced  the  extent  of  racemization  of 
Orn  or  Ala. 


Conclusions 

The  polymerization  of  amino  acids  and 
glucose  may  inhibit  racemization,  as 
observed  for  His  and  Orn.  This  result 
is  in  agreement  with  similar  findings 
reported  for  natural  samples,  in  which 
the  racemization  rates  of  amino  acids 
extracted  from  humic  materials  were 
diminished  (Hoering,  1980).  If  the  d/l 
values  for  Lys  are  confirmed,  for  ex- 
ample, by  combined  gas  chromatogra- 
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phy-mass  spectrometry,  then  the 
racemization  rates  of  some  amino  acids 
incorporated  into  melanoidins  may  ac- 
tually be  enhanced,  unless,  of  course, 
Lys  is  found  to  be  more  susceptible  to 
racemization  during  extraction.  Ala- 
nine was  found  to  be  racemic  at  the  on- 
set of  its  detection.  It  is  uncertain 
whether  this  is  a  result  of  an  enhanced 
racemization  rate  by  interaction  with 
the  polymer  or  free  glucose  in  solution, 
or  if  the  synthetic  pathway  for  the  for- 
mation of  Ala  from  one  of  the  other 
amino  acids  or  amino  acid-glucose 
complexes  leads  directly  to  racemic  Ala. 
The  potential  for  generating  amino 
acids  of  varying  abundance  and  ster- 
eochemistry during  diagenesis,  as  evi- 
denced by  the  formation  of  Ala,  Orn, 
and  Gly  in  the  present  study,  could 
complicate  geochronological  investiga- 
tions that  are  based  entirely  upon  amino 
acid  racemization  rates.  The  carbohy- 
drate composition  of  fossil  organic  mat- 
rices as  well  as  modern  analogs  could 
be  a  significant  factor  in  amino  acid  dia- 
genesis and  should  be  assessed. 


200  300 

Time,  hr. 

Fig.  95.  Racemization  of  lysine  (Lys)  in  aqueous 
solution  (A)  and  in  HC1,A  polymer  extracts  (B) 
as  a  function  of  heating  time  (100°C).  Vertical 
bars  denote  the  standard  errors.  The  plots  are 
based  on  the  equation  for  first-order  reversible 
kinetics  given  in  Fig.  92. 


In  the  present  study,  the  extent  of 
racemization  of  amino  acids  increased 
as  a  function  of  repeated  acid  or  water 
extractions.  The  possibility  of  inducing 
racemization  during  the  extraction  of 
amino  acids  from  geological  samples  is 
yet  another  factor  that  must  be  evalu- 
ated when  attempting  to  assign  rela- 
tive ages  based  on  racemization  rates. 

It  is  often  assumed  that  the  occur- 
rence of  L-amino  acids  in  ancient  geo- 
logical samples  implies  contamination 
(Abelson  and  Hare,  Year  Book  67,  208- 
210;  Nagy  et  ai,  1981).  If  additional 
studies  indicate  that  the  polymeriza- 
tion of  amino  acids  and  carbohydrates 
can  retard  racemization  rates,  it  is  pos- 
sible that  the  occurrence  of  nonracemic 
amino  acids  in  some  ancient  samples 
may  not  always  be  attributed  entirely 
to  modern  contamination. 
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Effect  of  Peptide  Sequence  on  the 

Racemization  Rate  of  Basic  Amino 

Acids 

M.  H.  Engel 

Diagenesis  of  the  protein  and  peptide 
constituents  of  fossils  includes  hydrol- 
ysis to  an  assemblage  of  free  amino  acids. 
Partial  hydrolysis  results  in  peptide 
chains  of  varying  length  and  composi- 
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tion.  Amino  acids  initially  located  at 
internal  positions  can,  by  hydrolysis, 
become  terminal  amino  acids  in  peptide 
chains.  Subsequent  to  hydrolysis,  cy- 
clization  of  peptides,  resulting  in  di- 
ketopiperazines,  can  shift  N-terminal 
amino  acids  to  C-terminal  positions,  and 
vice  versa. 

In  geochronological  studies  that  are 
based  on  amino  acid  racemization  re- 
actions it  is  assumed  that,  at  constant 
temperature  and  pH,  amino  acid  con- 
stituents of  fossils  follow  first-order  re- 
versible rate  laws  for  racemization.  This 
assumption  is  probably  not  valid  be- 
cause a  given  amino  acid  may  racemize 
at  different  rates,  depending  on  its  po- 
sition in  peptides  and  proteins  (Engel 
et  al.,  1981,  and  references  therein). 
Proposed  mechanisms  that  are  based  on 
primary  structural  effects  on  the  race- 
mization rates  of  amino  acid  constitu- 
ents at  constant  pH  are  complex  and 
only  partially  explain  this  observed 
variance  (Smith  and  Evans,  1980). 

In  the  present  study  the  effect  of  amino 
acid  sequence  in  peptides  on  the  race- 
mization rates  of  basic  amino  acids  is 
evaluated  for  the  first  time.  The  initial 
work  of  Engel  et  al.  (1981)  on  the  effect 
of  amino  acid  sequence  in  peptides  on 
the  racemization  rates  of  acidic  and 
neutral  amino  acids  under  alkaline 
conditions  has  been  expanded  to  in- 
clude the  basic  amino  acids  lysine  (Lys), 
histidine  (His),  and  arginine  (Arg). 

Experimental  Methods 

The  samples  selected  for  this  study 
were  a-Melanocyte  Stimulating  Hor- 
mone (a-MSH,  Sigma  Chemical  Com- 
pany, St.  Louis,  Missouri),  two  peptide 
constituents  of  a-MSH,  and  two  peptide 
constituents  of  [Nle4]-  a-MSH  (provided 
by  Dr.  V.  J.  Hruby,  Dept.  of  Chemistry, 
University  of  Arizona,  Tucson,  Ari- 
zona, and  Dr.  T.  K.  Sawyer,  The  Upjohn 
Company,  Kalamazoo,  Michigan),  the 
dipeptides  Arg-Lys  and  His-Phe  (Vega 
Biochemicals,  Tucson,  Arizona)  and  the 
free  amino  acids  Lys,  His,  and  Arg.  The 
a-MSH  is  a  tridecapeptide  (13  amino 


acid  residues)  that  contains  single  res- 
idues of  Lys,  His,  and  Arg  in  positions 
6,  8,  and  11,  respectively.  The  amino 
acid  sequences  of  a-MSH  and  the  pep- 
tide constituents  of  a-MSH  and  [Nle4]- 
a-MSH  are  shown  in  Table  55.  All  the 
amino  acid  peptide  constituents  that 
contained  asymmetric  centers  were  of 
the  L-configuration.  One  to  two  milli- 
grams of  the  samples  was  heated  for  10 
min  at  100°C  in  0.1  N  NaOH  (pH  12.4), 
adjusted  with  12  N  HC1  to  a  final  HC1 
concentration  of  6  N,  hydrolyzed  (24  hr, 
100°C),  and  analyzed  by  high-perfor- 
mance liquid  chromatography  for  the 
extent  of  racemization  of  Lys,  His,  and 
Arg.  The  procedure  of  Engel  and  Hare 
(Year  Book  80,  400-403)  was  used.  Ad- 
ditional samples  were  hydrolyzed  di- 
rectly with  6  N  HC1  and  analyzed  for 
Lys,  His,  and  Arg  to  determine  whether 
the  peptides  initially  contained  any 
traces  of  D-amino  acids  resulting  from 
racemization  during  synthesis  or  acid 
hydrolysis. 

It  has  been  demonstrated  that  the  tri- 
decapeptide [Nle4]-a-MSH  retains  its 
structural  integrity  when  heated  in  0.1 
N  NaOH  for  10  min  at  100°C  (Engel  et 
al.,  1981).  To  determine  whether  smaller 
peptides  remain  intact  when  heated  in 
0.1  N  NaOH,  aliquots  of  Arg-Lys  were 
analyzed  by  two  high-performance,  liq- 
uid-chromatographic  procedures  before 
and  after  heating  for  10  min  at  100°C 
in  0.1  N  NaOH.  The  first  procedure  was 
identical  with  that  previously  de- 
scribed by  Engel  and  Hare  (Year  Book 
80,  394-397)  for  the  enantiomeric  anal- 
ysis of  the  basic  amino  acids.  The  sec- 
ond procedure  was  a  slight  modification 
of  the  ion-exchange  method  of  Hare 
(1972).  The  peptide  Arg-Lys  and  stan- 
dard samples  of  Lys  and  Arg  were  re- 
solved isocratically  with  a  0.4  N  sodium 
citrate  buffer  (Beckman)  adjusted  to  pH 
4.4. 

Results  and  Discussion 

The  d/l  values  for  Lys,  His,  and  Arg 
before  and  after  heating  in  base  are 
listed  in  Table  55.  Heating  in  0.1  N 


TABLE  55.  d/l  Values*  of  Basic  Amino  Acids 

0.1  N  NaOH, 

D/L 

Sample                                              100°C,  10  min 

Lys 

His 

Arg 

1       2      3     4       5      6     7       8      9    10     11   12 
Acetyl-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro- 
13 
Val-NH?  (o-MSH) 


11    12     13 
Acetyl-Lys-Pro-Val-NH2  (a-MSH  constituent) 


7       8      9     10 
Acetyl-Phe-Arg-Trp-Gly-NH2  (a-MSH  constituent) 


4       5      6      7       8       9    10 
Acetyl-Nle-Glu-His-Phe-Arg-Trp-Gly-NH2 


([Nle4]-a-MSH  constituent) 


1       2      3     4      5       6 
Acetyl-Ser-Tyr-Ser-Nle-Glu-His-NH2 

([Nle4]-a-MSH  constituent) 


Arg-Lys 
His-Phe 

Arg 
Lys 
His 


No 
Yes 

No 
Yes 


No 
Yes 


No 
Yes 

No 
Yes 

No 
Yes 

No 

Yes 


No 
Yes 

No 
Yes 

No 
Yes 


0.019 
0.013 
0.014 
:  0.006 


0.026 
:  0.006 

0.035 
:  0.001 


np 
np 


np 

:  0.002 

np 


np 
np 


np 
np 


np 
np 


np 
np 


0.013 
:  0.003 
0.439 
0.021 


npt 
np 


np 
np 


0.034 
:  0.002 
0.497 

:0.019 


0.051S 

1 0.008 
0.502 

1 0.004 

np 
np 

0.035 

1 0.009 
0.064 

1 0.032 

np 
np 

np 
np 


0.013 
:  0.008 

0.389 
:  0.023 


np 


np 


0.683 
0.012 


0.020 

0.450 
0.011 


np 
np 


np 
np 


np 
np 


np 
np 


*Average  of  at  least  three  chromatographic  determinations. 
tNot  present. 

tD-enantiomer  below  detection. 

§Acid  hydrolysis  of  this  sample  was  conducted  at  110°C  for  24  hr,  resulting  in  this  slightly  higher 
value. 


NaOH  did  not  significantly  racemize  the 
free  amino  acid  Lys,  His,  or  Arg.  The 
incipient  a-carbanions  of  Lys  and  Arg 
are  destabilized  by  the  inductive  effects 
of  their  alkyl  substituents  and  by  the 
negative  charge  of  their  carboxylate 
groups  (C02  ).  Any  slight  stabilization 
of  the  incipient  a-carbanion  of  His  by 


the  a-alkyl-imidazole  group  is  appar- 
ently masked  by  the  destabilizing  effect 
ofC02~. 

Heating  in  0.1  N  NaOH  did  not  result 
in  significant  racemization  of  the  Lys 
constituent  of  any  of  the  peptides  stud- 
ied. Lysine  did  not  racemize  in  internal 
positions  or  as  the  C-terminal  or  N-ter- 
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minal  substituent,  although  the  extent 
of  racemization  of  Lys  in  the  N-termi- 
nal  position  must  be  studied  further  be- 
cause in  the  present  study  the  N- 
terminal  amino  acids  of  the  peptides 
were,  with  the  exceptions  of  Arg-Lys 
and  His-Phe,  blocked  with  acetyl  groups. 

Histidine  racemized  rapidly  in  inter- 
nal peptide  positions.  In  addition  to  sta- 
bilization of  the  incipient  a-carbanion 
of  His  by  the  imidazole  group,  adjacent 
amino  acids  may  be  contributing  to  the 
formation  of  the  a-carbanion  of  His.  In 
a-MSH,  and  in  the  peptide  Acetyl-Nle- 
Glu-His-Phe-Arg-Trp-Gly-NH2,  it  is 
possible  that  the  C02  ~  group  of  the  R 
substituent  of  Glu,  which  is  adjacent  to 
His,  may  enhance  the  rate  of  a-proton 
extraction  from  His,  thus  increasing  the 
rate  of  racemization. 

Histidine  was  only  slightly  race- 
mized in  the  N-terminal  position  of  the 
dipeptide  His-Phe.  This  observation  is 
in  agreement  with  the  findings  of  Epand 
and  Epand  (1973)  that,  under  alkaline 
conditions,  internal  amino  acids  race- 
mize  at  faster  rates  than  terminal  amino 
acids  in  peptides.  Histidine,  however, 
racemized  rapidly  in  the  peptide  Ace- 
tyl-Ser-Tyr-Ser-Nle-Glu-His-NH2,  al- 
though additional  peptides  will  have  to 
be  studied  before  it  can  be  concluded 
that  the  racemization  rate  of  His  in  the 
C-terminal  position  is  similar  to  that  in 
the  internal  positions.  The  peptide  Ace- 
tyl-Ser-Tyr-Ser-Nle-Glu-His-NH2  is 
terminated  with  an  NH2  group,  there- 
fore eliminating  the  possibility  of  de- 
stabilizing the  incipient  a-carbanion  of 
His  by  C02~.  Histidine  racemized  at  a 
slower  rate  in  a-MSH  than  in  the  pep- 
tide constituents  of  a-MSH  and  [Nle4]- 
a-MSH.  The  rate  of  racemization  of  His 
may  therefore  be  affected  by  other  fac- 
tors in  addition  to  its  R  substituent  and 
the  steric  or  electrostatic  effects  of  its 
adjacent  neighbors,  Glu  and  Phe. 

Arginine  racemized  rapidly  in  inter- 
nal positions.  Arginine,  like  His,  was 
observed  to  racemize  at  slightly  differ- 
ent rates  in  peptides  that  differed  in 
overall  chain  length,  although  the  ad- 
jacent neighbors  of  Arg  (Phe-Arg-Trp) 


remained  the  same.  In  the  dipeptide  Arg- 
Lys,  however,  N-terminal  Arg  did  not 
racemize.  The  possibility  that  this  pep- 
tide decomposed  to  free  Arg  and  Lys 
during  heating  in  0.1  N  NaOH,  result- 
ing in  a  diminished  racemization  rate, 
was  considered.  Analysis  of  Arg-Lys 
by  high-performance  liquid-chromato- 
graphic  techniques  before  and  after 
heating  in  0.1  N  NaOH,  however,  re- 
vealed that  the  peptide  remained  pre- 
dominantly intact.  Traces  of  free  Lys 
and  Arg  present  prior  to  heating  Arg- 
Lys  in  0.1  N  NaOH  were  only  slightly 
enhanced  after  heating. 

Conclusions 

Heat-alkali  treatment  did  not  result 
in  partial  racemization  of  free  His,  Arg, 
or  Lys.  The  racemization  observed  for 
Arg  and  His  in  peptides  varies  as  a 
function  of  position.  The  mechanisms 
that  control  this  variance  are  no  doubt 
complex  and  are  dependent  on  a  variety 
of  parameters  that  include  the  struc- 
ture of  adjacent  amino  acids  and  per- 
haps overall  peptide  chain  length, 
composition,  and  conformation. 

Lysine  did  not  racemize  in  any  of  the 
peptides  heated  in  0.1  N  NaOH.  It  is 
interesting  to  note,  however,  that  in 
fossil  shell,  Lys,  His,  and  Arg  have  been 
observed  to  racemize  at  comparable  rates 
(Hare  and  Engel,  Year  Book  80,  398- 
400).  Also,  in  aqueous  solution  (pH  7.5), 
free  Lys  and  His  racemize  at  similar 
and  faster  rates  than  free  Arg  (Engel 
and  Hare,  this  Report).  Additional  ex- 
periments are  necessary  to  investigate 
the  effect  of  pH  on  the  racemization  rates 
of  free  and  peptide-bound  Lys,  His,  and 
Arg. 

Amino  acid  racemization  rates  can 
differ  as  a  function  of  position  in  pep- 
tides. Geochronological  studies  based 
on  amino  acid  racemization  rates  are 
dependent  upon  the  racemization  re- 
action following  a  first-order  reversible 
rate  law  at  constant  temperature  and 
pH.  Variance  in  racemization  rates  that 
can  be  introduced  over  time  by  the  al- 
teration of  fossil  peptide  and  protein  se- 


434 


CARNEGIE    INSTITUTION 


quence  by  way  of  partial  hydrolysis  must 
be  considered  to  ensure  accurate,  re- 
producible results.  One  possible  method 
of  reducing  this  variance  may  be  to  in- 
vestigate the  extent  of  amino  acid  race- 
mization  in  various  molecular  weight 
fractions  of  fossil  peptides  and  proteins, 
instead  of  analyzing  total  acid  hydrol- 
yzates. 
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NEW  APPARATUS  AND  TECHNIQUES 


Generation  of  Megabar  Static 
Pressures  in  Solid  Hydrogen* 

H.  K.  Mao  and  P.  M.  Bell 

An  important  objective  in  the  study 
of  hydrogen  is  to  generate  static  pres- 
sures of  more  than  1  Mbar  in  the  solid- 
ified phase.  At  megabar  pressures  the 
density  of  solid  hydrogen  can  be  in- 
creased to  more  than  1  g/cm3,  the  den- 
sity at  which  the  transition  from  the 
molecular  (insulator)  to  the  atomic  (me- 
tallic) state  is  predicted  to  occur  (Ross 
and  McMahan,  1981).  To  achieve  this 
density  at  room  temperature  (293  K), 
hydrogen  must  undergo  approximately 
a  fourfold  compression.  Thus,  experi- 
ments to  study  hydrogen  at  densities 
approaching  1  g/cm3  must  involve  the 
generation  of  pressure  above  1  Mbar  on 
a  sample  of  diminishingly  small  vol- 
ume. This  report  is  a  description  of  a 
series  of  recent  experiments  in  which 
solid  hydrogen  was  pressurized  above  1 
Mbar  in  the  diamond-window,  static 
high-pressure  cell. 

Calibrated  pressures  as  high  as  1.7 
Mbar  have  been  generated  in  the  dia- 
mond-window, high-pressure  cell  (Mao 
et  al.,  1979).  In  practice  the  generation 
of  these  pressures  requires  special  tech- 

*Research  supported  in  part  by  Department  of 
Energy  grant  DE-AS05-80ER10754. 


niques,  but  the  calibrated  pressure 
measurements  are  reproducible,  and 
thus  the  goal  of  pressurizing  hydrogen 
to  above  1  Mbar  is  feasible.  At  megabar 
pressures  the  properties  of  hydrogen  can 
be  observed  optically  and  by  other  spec- 
tral techniques  available  for  the  pres- 
sure cell. 

Experimental  difficulties  in  pressur- 
izing hydrogen,  related  to  its  high  com- 
pressibility,  are  the  result  of  the 
distribution  of  the  load  between  the 
sample  and  the  stainless  steel  gasket 
in  the  pressure  cell.  Sufficient  pressure 
on  the  gasket  is  required  to  contain  hy- 
drogen, and  a  portion  of  the  load  must 
be  borne  by  the  hydrogen  sample  itself. 
The  load  required  to  pressurize  the  rel- 
atively incompressible  gasket  results 
in  a  significantly  lower  pressure  on  the 
hydrogen  sample  owing  to  its  high  com- 
pressibility. One  approach  to  achieve 
the  correct  load  distribution  is  to  reduce 
the  volume  of  the  sample  chamber, 
which  is  filled  with  fluid  hydrogen.  As 
the  hydrogen  volume  is  reduced,  the 
gasket  and  samples  are  subjected  to 
conditions  similar  to  those  in  an  exper- 
iment with  a  relatively  incompressible 
sample. 

The  approach  followed  in  the  present 
experiments  to  reduce  the  volume  of  the 
sample  chamber  was  to  increase  the 
number  of  ruby  crystals  normally  in- 
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eluded  in  the  sample  chamber  for  pres- 
sure calibration.  Ruby  is  transparent  at 
pressures  above  1  Mbar  and  is  rela- 
tively incompressible. 

Three  sets  of  experiments  were  done 
with  the  sample  chamber  filled  in  vary- 
ing volume  proportions  of  hydrogen  and 
ruby  crystals.  The  gasket  material  was 
work-hardened  T301  stainless  steel. 
Before  the  sample  chamber  hole  was 
drilled  the  pressure  was  raised  to  400 
kbar  so  that  the  gaskets  would  be  prein- 
dented  by  the  diamond  anvils.  After  the 
sample  chamber  was  filled  the  pressure 
was  raised  in  steps  of  approximately  100 
kbar.  At  each  such  step  it  was  neces- 
sary to  measure  the  pressure  at  several 
points  in  the  sample  and  gasket  in  or- 
der to  determine  the  pressure  gra- 
dients. A  total  of  45  pressure 
measurements  were  made  in  each  set 
of  experiments,  each  set  of  several 
months'  duration.  The  experiments  are 
described  as  follows. 

The  first  set  of  experiments  was  done 
with  diamond  anvils  with  flat  (no-be- 
vel) culet  pressure-surfaces  (approxi- 
mately 200  |xm  diameter).  The  sample 
diameter  was  60  |xm.  At  approximately 
1  Mbar  pressure  (measured  pressure  was 
0.97  Mbar),  one  of  the  diamond  anvils 
failed.  The  sample  remained  transpar- 
ent. 

In  the  second  set  of  experiments  the 
opposing  diamond  culet  surfaces  were 
beveled  as  shown  in  Fig.  96.  The  di- 
ameters of  the  central  flat  region  (B) 
and  the  bevel  edge  (A)  were  120  |xm  and 
300  (xm,  respectively.  The  included  be- 
vel angle  (20)  was  3°.  The  diameter  of 
the  sample  chamber  was  50  (xm.  The 
purpose  of  the  bevel  surface  was  to  pro- 
duce an  even  stress  distribution  on  the 
diamond  surface  and  intensify  the  pres- 
sure on  the  sample,  as  shown  in  the  plot 
in  Fig.  96.  The  maximum  hydrogen 
pressure  achieved  with  this  design  was 
slightly  less  than  1  Mbar  (measured 
pressure  was  0.92  Mbar).  Further  in- 
crease in  the  load  produced  no  increase 
in  hydrogen  pressure  although  the  dia- 


Fig.  96.  Cross  section  of  the  beveled  surfaces 
of  diamond  anvils  in  contact  with  a  gasket  and 
sample.  A  plot  of  the  relative  pressure  distribu- 
tion is  shown. 


mond  anvils  did  not  fail.  The  sample 
remained  transparent. 

In  the  third  set  of  experiments  the 
beveled  diamond  culet  surfaces  had 
smaller  flat  areas  (B  =  53  |xm),  and 
larger  bevel  diameters  (A  =  310  |xm) 
and  angles  (20  =  10°).  The  diameter  of 
the  sample  chamber  was  25  \xm,  and 
the  ratio  of  ruby  crystals  to  hydrogen 
was  approximately  2.  A  hydrogen  pres- 
sure slightly  greater  than  1  Mbar  was 
achieved  (measured  pressure  was  1.12 
Mbar).  As  with  the  two  other  sets  of 
experiments,  hydrogen  remained 
transparent  at  the  highest  pressure. 

The  results  of  the  experiments  were 
favorable,  in  that  hydrogen  pressures 
of  more  than  1  Mbar  were  generated, 
and  it  should  be  possible  to  pressurize 
hydrogen  further.  The  higher-bevel-an- 
gle culet  surfaces  appeared  to  be  suc- 
cessful at  high  pressures,  although  the 
diamond  anvils  could  be  used  only  for 
one  pressure  cycle.  The  beveled  dia- 
monds did  not  fail  during  the  experi- 
ment, but  ring  cracks  formed  in  the 
diamond  on  the  release  of  pressure  (Year 
Book  76,  649).  The  fact  that  hydrogen 
remained  transparent  at  1.12  Mbar 
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suggests  that  the  metallic  transition  had 
not  occurred. 
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Hydrostatic  Pressure 
Calibration* 

G.  Zou.  P.  M.  Bell,  and  H.  K.  Mao 

Elemental  silver  (Ag)  has  been  em- 
ployed as  an  internal  pressure  standard 
in  calibrating  the  spectral  shift  with 
pressure  of  the  strong  fluorescent  lines 
in  ruby.  Pressure  shifts  of  the  ruby  flu- 
orescent R1  line  were  calibrated  by  x- 
ray  diffraction  experiments  in  the  dia- 
mond-window, high-pressure  cell,  by 

*  Research  supported  in  part  by  Department  of 
Energy  grant  DE-AS05-80ER10754. 


reference  to  the  shock-wave  equation  of 
state  of  silver  and  other  metals  (Mao  et 
al.,  1978).  In  that  study  the  metal  sam- 
ples were  held  in  the  cell  in  a  number 
of  geometrical  configurations.  It  was 
demonstrated  that  the  pressure  cali- 
brated by  the  ruby  spectral  shift  as  a 
secondary  standard  was  uncertain  by 
less  than  6%,  although  a  more  conser- 
vative value  of  10%  was  reported  along 
the  entire  pressure  range,  190  kbar-1.0 
Mbar. 

Nonhydrostatic  effects  could  result  in 
a  systematic  error  (Mao  et  al.,  1979).  It 
was  indicated,  however,  that  if  the  sys- 
tematic errors  that  originate  in  the  di- 
rection of  uniaxial  stress  and  those  due 
to  the  nonhydrostatic  stress  distribu- 
tion were  combined,  the  pressure  cali- 
bration would  be  an  underestimate  of 
the  actual  mean  pressure  (Mao  et  al., 
1978).  The  uncertainty  was  such  that 
the  pressure  determined  by  the  ruby 
spectral  shift  would  therefore  be  less 
than  the  true  mean  pressure,  within  the 
small  uncertainty. 

Since  the  first  and  ensuing  calibra- 
tion experiments  (Mao  et  al.,  1978;  Mao 
and  Bell,  Year  Book  78,  665-669),  the 
diamond-window,  high-pressure  cell  has 


i           i           i           i 

i 

/ 

/; 

"' 

/,' 

''' 

No 

hydrostatic  calibration,  Mao  et  al'''  (1978)         ,-  yf 

- 

/"P              Hydrostatic  data,  present  study 

- 

i                        i                        i                        i 

i 

- 

0.3  0.4 

Pressure,  Mbar 


Fig.  97.  Spectral  shift  of  the  ruby  Rx  strong  fluorescent  emission  band  as  a  function  of  nonhy- 
drostatic and  hydrostatic  pressure  calibrated  by  the  volume  equations  of  state  of  silver  (Ag). 
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been  modified  to  hold  fluids  and  gases, 
which  can  act  as  hydrostatic  pressure- 
transmitting  media.  In  the  present 
study,  silver  metal,  ruby  crystals,  and 
liquefied  argon  (Bell  and  Mao,  this  Re- 
port) were  held  in  the  sample  chamber 
of  the  high-pressure  cell.  The  specific 
volumes  of  silver  were  determined  by 
x-ray  diffraction  at  a  series  of  pressures 
up  to  600  kbar,  and  at  each  pressure 
the  wavelength  of  the  ruby  Rx  line  was 
measured.  The  largest  pressure  gra- 
dient measured  in  argon  was  8  kbar  at 
a  mean  pressure  of  600  kbar. 

The  results  under  hydrostatic  con- 
ditions are  plotted  in  Fig.  97  as  the 
spectral  shift  of  the  ruby  R1  line  vs. 
pressure.  Also  plotted  in  Fig.  97  is  the 
calibration  curve  determined  under 
nonhydrostatic  conditions.  The  hydro- 
static curve  lies  at  slightly  higher  pres- 
sure than  the  nonhydrostatic  curve,  as 
predicted  by  Mao  etal.  (1978).  The  pres- 
sure difference  of  less  than  5%  is  within 
the  stated  uncertainty. 
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Time-Lapse  Spectroscopy  for 

Fluorescence  Radiation 

Rejection* 

J.  D.  Frantz,  D.  Virgo,  and  B.  O.  Mysen 

Raman  spectroscopy  has  been  shown 
to  be  a  useful  tool  in  determining  solute 
speciation  in  supercritical  aqueous  fluids 
(Schulz,  1974;  Jarv  et  al.,  1977)  and  the 
structure  of  silicate  glasses  and  melts 

*Research  supported  in  part  by  National  Sci- 
ence Foundation  grants  EAR  79-11313  and  EAR 
80-08798. 


(Mysen  et  al.,  this  Report).  The  useful- 
ness of  the  technique,  however,  is  highly 
dependent  on  the  quality  of  the  mea- 
sured spectra.  Interferences  such  as  flu- 
orescence and  blackbody  radiation  may 
distort  or  even  completely  obscure  weak 
bands.  Even  for  the  most  intense  bands, 
complicated  backgrounds  due  to  these 
interferences  make  the  deconvolution 
of  the  spectra  difficult.  Time-lapse  spec- 
troscopy with  a  mode-locked,  argon-ion 
laser  with  a  synchronously  pumped, 
cavity-dumped,  dye  laser  is  a  method 
whereby  the  effects  of  these  interfer- 
ences can  be  minimized  or  even  elimi- 
nated. 

The  fluorescence-suppression  tech- 
nique is  based  on  the  disparity  between 
vibrational  lifetimes  (0.1-10  ps)  and 
fluorescence  lifetimes  (usually  greater 
than  1.0  ns).  A  pulsed-laser  system  used 
in  conjunction  with  a  synchronized,  fast- 
gating  system  is  employed  to  resolve 
the  short-lived  Raman  scattering  from 
the  longer-lived  fluorescence  radiation. 
Pulsed-laser  systems  are  now  capable 
of  producing  15-ps  light  pulses  at  rep- 
etition rates  varying  from  76  MHz  to 
less  than  1  KHz.  Owing  to  its  short  life- 
time, Raman  scattering  occurs  only 
during  the  period  the  sample  is  irra- 
diated by  the  laser  pulse.  The  fluores- 
cence radiation,  however,  can  continue 
long  after  the  pulse  has  ended  (Van 
Duyne  et  al,  1974).  In  Fig.  98,  the  in- 


Fig.  98.  Schematic  diagram  showing  intensity 
of  Raman  signal  (dotted  line),  fluorescence  signal 
(dashed  line),  and  combined  signal  (solid  line)  as 
a  function  of  relative  time. 
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tegrated  intensity  of  the  combined  Ra- 
man and  fluorescence  signals  resulting 
from  the  measurement  of  many  single- 
photon  events  is  schematically  plotted 
against  time.  The  dashed  line  repre- 
sents the  contribution  of  fluorescence; 
the  dotted  line,  the  contribution  of  Ra- 
man scattering.  The  relative  contribu- 
tions of  the  fluorescence  (If)  and  Raman 
(IR)  components  are  proportional  to  the 
integrated  areas  of  the  signals.  The  ra- 
tio IrKIr  +  If)  is  increased  if  only  sin- 
gle-photon events  occurring  during  the 
period  of  Raman  scattering  are  ac- 
cepted. With  nonpulsed,  continuous- 
wave  laser  systems,  discrimination  of 
this  type  is  not  possible. 

Equipment 

Laser  pulses  with  15-ps  half-widths 
are  generated  with  a  mode-locked,  ar- 
gon-ion laser  in  conjunction  with  a  cav- 
ity-dumped, dye  laser  (Fig.  99).  The 
argon-ion  laser  (Coherent  CR-18)  is  fit- 
ted with  a  mode-locking  prism  to  pro- 
duce light  pulses  with  half- widths  of  150 
ps  at  approximately  76  MHz.  The  mode- 
locker  consists  of  a  prism  with  a  trans- 
ducer fitted  at  one  end.  Standing  acous- 
tic waves  are  generated  in  the  prism  at 
a  frequency  interval  in  phase  with  that 


of  the  laser.  The  standing  acoustic  waves 
periodically  change  the  refractive  in- 
dex of  the  prism  so  that  it  acts  as  a 
"shutter"  in  the  laser  cavity. 

The  pulsed,  argon-ion  laser  is  used  to 
pump  a  dye  laser  (Coherent  590).  A  dye 
stream  in  the  cavity  of  the  dye  laser  is 
irradiated  by  the  light  pulses  from  the 
argon-ion  laser  at  13-ns  intervals.  The 
resulting  periodic  fluorescence  of  the  dye 
produces  light  pulses  in  the  dye-laser 
cavity  at  a  frequency  of  76  MHz  (the 
cavity  length  of  the  dye  laser  matches 
that  of  the  argon-ion  laser).  Because  the 
stimulated  emission  cross  section  of  the 
dye  is  quite  large,  these  pulses  are  even 
shorter  than  those  of  the  ion  laser  (15- 
ps  half-width).  A  cavity  dumper  (Co- 
herent 7200)  is  used  as  an  output  cou- 
pler for  the  dye  laser.  With  this  device 
the  repetition  rate  of  the  pulses  coming 
from  the  dye  laser  can  be  varied  from 
76  MHz  to  less  than  1  KHz.  With  the 
dye  currently  used  (Rhodomine  6G),  the 
wavelength  of  the  light  can  be  varied 
from  560  to  635  nm. 

After  a  sample  is  irradiated  with  the 
pulsed-laser  system,  the  wavelength  and 
flux  of  photons  resulting  from  fluores- 
cence and  Raman  scattering  are  mea- 
sured with  a  J-Y  double  monochrometer 
in  conjunction  with  a  Hammamatzu 
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Fig.  99.   Pulsed  laser  system. 


Dye  Laser 


GEOPHYSICAL     LABORATORY 


439 


R666  photomultiplier  tube.  A  gating 
system  is  then  employed  by  which  only 
the  single-photon  events  occurring  at 
fixed  time  intervals  relative  to  the  times 
of  the  incident  laser  pulses  will  be  mea- 
sured. The  system  shown  in  Fig.  100 
was  modeled  after  a  similar  apparatus 
of  Prof.  Malcolm  Nicols  (Chemistry  De- 
partment, University  of  California  at 
Los  Angeles).  The  output  from  the  an- 
ode of  the  photomultiplier  tube  is  put 
through  a  preamplifier-discriminator 
(Princeton  Applied  Research  Model 
1120)  and  used  as  the  start  signal  in  a 
time-to-pulse-height  converter  (Ortec 
Model  457).  The  signal  from  the  output 
of  the  cavity  dumper  electronics  is  put 
through  a  constant-fraction  discrimi- 
nator (Ortec  934)  and  used  as  the  stop 
signal  in  the  time-to-pulse-height  con- 
verter. A  delay  line  box  is  used  to  adjust 
the  time  interval  between  the  start  and 
stop  signals.  The  signal  from  the  photon 
multiplier  tube  (PMT)  anode  is  used  as 
the  start  signal  because  a  photon  will 
not  necessarily  be  measured  as  a  result 
of  every  laser  pulse.  The  time-to-pulse- 
height  converter  converts  the  time  in- 
terval between  the  PMT  anode  start 
signal  and  the  laser  pulse  stop  signal 
to  voltage.  Single-channel  analyzers  are 
used  to  bracket  voltage  (or  time)  inter- 
vals and  accept  only  single-photon 
events  occurring  within  the  desired  in- 
tervals. The  signals  from  the  single- 


channel  analyzers  are  put  into  a  Prin- 
ceton Applied  Research  Photon  Counter 
(Model  1112),  and  the  data  are  collected 
digitally  with  a  computer. 

One  of  the  advantages  of  the  pulsed 
system  is  that  even  though  the  average 
power  of  the  laser  light  drops  with  de- 
creasing repetition  rates,  the  peak  power 
becomes  large.  Peak  power  (Pp)  can  be 
calculated  from  the  average  power  (Pa), 
the  repetition  rate  Iff),  and  the  peak 
half-width  (W)  according  to 

Pp  =  PJ(R  x  W). 

In  Table  56  the  peak  power  and  average 
power  are  shown  for  various  repetition 
rates.  The  high  peak  powers  make  up 
for  the  loss  in  average  power  with  the 
resulting  count  rates  being  possibly 
greater  than  those  found  with  contin- 
uous-wave, laser  light.  This  feature  of 
the  pulsed  laser  system  may  be  ex- 
tremely advantageous  in  attempting  to 
improve  peak-to-background  ratios  in 
high-temperature  samples  exhibiting 
blackbody  radiation. 

Results 

Experiments  with  saturated  solu- 
tions of  the  fluorescent  dye  rubrene  in 
CC14  were  undertaken  to  test  the  effec- 
tiveness of  the  pulsed  system.  Rubrene 
is  highly  fluorescent  and  may  entirely 
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Fig.  100.  Electronic  components  of  gating  system. 
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TABLE  56.  Calculation  of  Peak  Powers 

Average  Power,  W     Half-Width,  ps        Repetition  Rate,  MHz     Peak  Power,  W 


0.3 
0.1 
0.05 


15 
15 
15 


76 
3.7 
0.77 


250 
1750 
4350 


obscure  the  CC14  Raman  bands  when 
the  sample  is  illuminated  with  an  ar- 
gon-ion, continuous-wave  laser. 

The  first  experiment  was  to  measure 
the  drop  in  intensity  of  the  rubrene  flu- 
orescence as  a  function  of  time  after  the 
incident  laser  radiation  ceased.  This 
measurement  was  done  by  scanning  the 
start-stop,  time-interval  range  with  a 
single-channel  analyzer  set  with  a  500- 
ps  window.  The  pulsed  system  was  set 
at  a  repetition  rate  of  3.77  MHz  with 
an  average  power  of  100  mW  at  585- 
nm  wavelength.  The  results  are  shown 
in  Fig.  101.  The  attenuated  signal 
showing  the  fluorescence  occurring 
during  the  period  of  the  incident  laser 
radiation  lies  between  relative  times  of 
12  and  18  ns.  Fluorescence  occurring 
after  18  ns  reflects  the  first-order  pro- 
cess of  fluorescence  decay.  The  equation 
describing  the  decay  process  is 

r  _   r      "<'    -    V/T 
i  —  iQ  e  , 


where  /  is  the  intensity  at  time  t,  I0  is 
the  intensity  at  time  t0,  and  T  is  the 
average  lifetime  of  the  excited  state.  A 
least-squares  fit  to  the  data,  recorded 
in  Fig.  101,  resulted  in  a  computed  value 
of  14.7  ns  for  the  average  lifetime  of 
rubrene.  The  published  value  of  T  is 
15.3  (  ±  1.0)  ns  (Harris  et  al.,  1976). 

Time-lapse  Raman  spectroscopy  us- 
ing the  pulsed  laser  system  in  conjunc- 
tion with  the  fast-gating  system 
described  in  this  report  should  be  highly 
beneficial  in  investigating  the  struc- 
ture of  supercritical  aqueous  fluids  and 
high-temperature  silicate  melts.  Infor- 
mation gained  from  these  studies  will 
be  fundamental  to  modeling  processes 
such  as  mass  transport  and  magma 
generation. 
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Seminar  Series 

The  seminar  series  met  twelve  times 
during  the  year,  and  the  following  lec- 
tures were  presented: 

"Compression  anomalies  and  Birch's 
'Law':  do  we  really  know  the  density  of 
the  lower  mantle?"  by  R.  M.  Hazen 
(Geophysical  Laboratory),  November  20, 
1981. 

"The  discovery  of  extraterrestrial  op- 
tical activity:  possible  implications  for 
terrestrial  organic  synthesis  in  the  Pre- 
cambrian,"  by  M.  Engel  (Geophysical 
Laboratory),  December  4,  1981. 

"Nephelinites,  carbonatites,  and  al- 
kalies," by  M.  J.  Le  Bas  (University  of 
Leicester),  December  15,  1981. 

"K-rich  magmas  in  an  arc  setting — 
Muriah  volcano,  Indonesia,"  by  Ian  Ni- 
cholls  (University  of  Monash),  Febru- 
ary 5,  1982. 

"Stable  isotope  compositions  of  ther- 
mophilic bacteria  and  algae,"  by  M.  F. 
Estep  (Geophysical  Laboratory),  March 
18,  1982. 

"Proton  microprobe  trace  element 
analysis,"  by  Herma  Blank  (Max-Planck 
Institut),  March  22,  1982. 

"Xenoliths  of  mantle  rock  with  quench 
textures,"  by  F.  R.  Boyd  (Geophysical 
Laboratory),  April  1,  1982. 

"Run-time  interpretation  and  eval- 
uation of  Fortran  statements,"  by  F. 
Chayes  (Geophysical  Laboratory),  April 
15,  1982. 

"Mossbauer  studies  of  the  Morin 
transition  and  atomic  positions  in  he- 
matite under  pressure,"  by  Charles 
Bruzzone  (University  of  Washington), 
April  28,  1982. 

"Molecular  sieves,"  by  T.  C.  Hoering 
(Geophysical  Laboratory),  April  29, 
1982. 

"The  Oklo  (Gabon)  natural  nuclear 
event,"  by  Timothy  Benjamin  (Los  Ala- 
mos National  Laboratory),  April  30, 
1982. 

"Five-km  vertical  section  through  a 
porphyry  copper  district,  Yerington, 


Nevada,"  by  M.  T.  Einaudi  (Geophysi- 
cal Laboratory),  May  13,  1982. 

Penologists'  Club 

Seven  meetings  were  held  during  the 
71st  year  of  the  Penologists'  Club,  and 
the  following  lectures  were  presented: 

"Glasses,  liquids,  and  melting  of  sil- 
icates," by  A.  L.  Boettcher  (University 
of  California  at  Los  Angeles),  October 
6,  1981. 

"Skarns  associated  with  porphyry 
copper  plutons:  further  evidence  for  high 
oxidation  states  of  porphyry  copper  sys- 
tems," by  Marc  T.  Einaudi  (Stanford 
University),  November  17,  1981. 

"Inclusions  in  diamonds  and  dia- 
mond genesis,"  by  John  J.  Gurney  (Uni- 
versity of  Cape  Town),  December  15, 
1981. 

"Pyroxene  geothermometers:  one  that 
works,"  by  D.  H.  Lindsley  (State  Uni- 
versity of  New  York,  Stony  Brook), 
January  19,  1982. 

"Immiscibility  in  volcanic  rocks:  some 
possible  petrogenetic  applications,"  by 
Anthony  Philpotts  (University  of  Con- 
necticut), February  16,  1982. 

"Kinetics  of  zoning  in  plagioclase," 
by  Anthony  C.  Lasaga  (Pennsylvania 
State  University),  March  16,  1982. 

"Evolution  of  silicic  magma  cham- 
bers," by  Frank  Spera  (Princeton  Uni- 
versity), April  20,  1982. 

Short  Course  on  Recent  Advances  in 
Organic  Geochemistry 

In  March,  the  Laboratory  hosted  a 
GSA-sponsored  Short  Course  on  Recent 
Advances  in  Organic  Geochemistry. 
Fifty  people  participated.  Hoering  gave 
an  introductory  lecture  and  spoke  on 
humic  acid  formation.  Estep  and  Macko 
presented  a  series  of  lectures  on  stable 
isotope  biogeochemistry.  Hare  and  En- 
gel  discussed  recent  advances  in  amino 
acid  techniques.  Three  visiting  lectur- 
ers also  presented  talks:  Kenneth  Neal- 
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son  of  Scripps  Institution  of  Ocean- 
ography, LaJolla,  California,  lectured 
on  the  effects  of  microbes  on  metals, 
and  on  methane  production  by  bacteria; 
John  Zumberge  of  Cities  Service  Oil 
Company,  Tulsa,  Oklahoma,  lectured 
on  kerogen  and  crude  oil  geochemistry; 
and  Bernd  Simoneit  of  Oregon  State 
University,  Corvallis,  presented  a  pa- 
per on  molecular  fossils  in  Recent  en- 
vironments. 

Washington  Crystal  Colloquium 

The  Washington  Crystal  Collo- 
quium, an  informal  group  of  crystallog- 
raphers  from  the  Washington  area,  met 
six  times  during  the  report  year.  The 
following  lectures  were  presented: 

"Structure  of  ferredoxin-NADP+  ox- 
idoreductase  and  the  location  of  the 
NADP  binding  site:  results  at  3.7  A  res- 
olution," by  Steven  Sheriff  (Naval  Re- 
search Laboratory),  October  9,  1981. 

"BAMO,  an  energetic  monomer,  te- 
tramer,  and  polymer,"  by  R.  D.  Gilardi 
(Naval  Research  Laboratory),  Decem- 
ber 11,  1981. 

"Anomalies  at  high  pressure:  irre- 
versible or  negative  compressibility  and 
other  strange  phenomena,"  by  L.  W. 
Finger  and  R.  M.  Hazen  (Geophysical 
Laboratory),  January  29,  1982. 

"Current  developments  in  crystal/ 
molecular  structure  data-bases,"  by 
David  Watson  (Cambridge  University), 
February  26,  1982. 

"Ligand  interactions  with  aspartate 
carbamyl  transferase,"  by  Richard 
Hanzatko  (Naval  Research  Labora- 
tory), March  26,  1982. 

"Building  crystal  models,"  by  Arnold 
Beevers  (University  of  Edinburgh),  April 
23,  1982. 

Washington  Organic  Geochemistry 
Colloquium 

Two  meetings  were  held  during  the 
first  year  of  the  Colloquium,  and  the 
following  lectures  were  presented: 

"Applications  of  pyrolysis  in  organic 


geochemistry,"  by  J.  M.  Hunt  (Woods 
Hole  Oceanographic  Institution),  Feb- 
ruary 25,  1982. 

"HPLC  techniques  open  up  new  av- 
enues of  organic  geochemical  re- 
search," by  Kenneth  Mopper  (University 
of  Delaware),  May  20,  1982. 

Lectures  and  Symposia 

During  the  report  year,  staff  mem- 
bers and  fellows  presented  lectures  and 
participated  in  symposia,  as  follows: 

Barton  lectured  on  "Beryllium  min- 
eral stabilities"  and  on  "The  fluorine- 
rich  skarn  at  McCullough  Butte,  Ne- 
vada," at  the  Department  of  Geology, 
Stanford  University,  in  December  1981, 
and  on  "The  fluorine-rich  skarn  at 
McCullough  Butte"  at  Lamont-Doherty 
Geological  Observatory,  Columbia 
University,  in  June  1982. 

Bell  presented  the  Plenary  Lecture 
entitled  "Recent  advances  in  the  appli- 
cation of  high-pressure  physics  to  the 
physics  of  the  earth"  at  the  AIRAPT 
Conference  on  High  Pressure  in  Upps- 
ala, Sweden,  in  August  1981.  In  No- 
vember 1981  he  lectured  on  "Static 
generation  of  megabar  pressures"  at  the 
Naval  Research  Laboratory.  In  May 
1982  he  delivered  the  following  lectures 
in  West  Germany:  the  keynote  address 
on  "Recent  advances  in  high-pressure 
physical  chemistry  with  application  to 
geochemistry"  at  the  annual  meeting  of 
the  German  Physical  Chemistry  Soci- 
ety (Bunsengesellschaft)  at  Ulm,  a  lec- 
ture on  "Planetary  gases  at  megabar 
pressures"  at  the  Max  Planck  Institute, 
Stuttgart,  and  a  lecture  on  "Experi- 
ments in  rock  mechanics  at  high  pres- 
sure" in  a  joint  meeting  of  the  Institute 
of  Physical  Chemistry  and  the  Institute 
of  Mineralogy  at  the  University  of 
Karlsruhe. 

Boctor  gave  an  invited  lecture  at  the 
Department  of  Geology,  University  of 
Maryland,  on  "Nickel  partitioning  be- 
tween olivine  and  iron  sulfide  melts"  in 
March  1982. 

Boyd  organized  and  chaired  a  sym- 
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posium  sponsored  by  the  National  Re- 
search Council  on  Explosive  Volcanism 
at  the  American  Geophysical  Union 
meeting  in  San  Francisco  in  December 
1981.  He  also  gave  a  seminar  at  the 
Department  of  Terrestrial  Magnetism 
entitled  "Paleogeotherms"  in  February 
1982. 

Chayes  delivered  an  invited  paper  on 
"Detecting  nonrandom  associations  be- 
tween proportions  by  tests  of  remain- 
ing-space  variables"  at  the  10th 
Geochautauqua  Conference  on  Com- 
puter Application  in  the  Earth  Sci- 
ences, October  22,  1981;  he  organized 
the  annual  meeting  of  IGCP  Project  163 
in  Hawaii,  December  17-22,  1981,  and 
delivered  a  paper  there  on  "The  state 
of  the  art  of  petrographic  description"; 
he  delivered  an  invited  paper  on  "Ret- 
rospective digitization  of  geoscience 
data:  the  experience  of  IGCP  Project  163" 
at  the  2nd  International  Conference  on 
Geological  Information,  in  Golden,  Col- 
orado, May  24,  1982. 

Corrado  presented  a  seminar  in  Oc- 
tober 1981  at  the  U.S.  Geological  Sur- 
vey in  Reston,  Virginia,  on  "Relative 
age  dating  of  Pleistocene  coastal  sedi- 
ments in  South  Carolina  by  isoleucine 
epimerization  reactions." 

Einaudi  lectured  on  skarn  deposits  at 
the  Penologists'  Club,  the  U.S.  Geolog- 
ical Survey  Friends  of  the  Ore  Deposits 
Group,  and  the  Geological  Society  of 
Washington.  He  lectured  on  porphyry 
copper  deposits  and  skarn  deposits  at 
the  University  of  Utah  on  April  27, 1982, 
and  talked  on  mineral  resource  assess- 
ment at  the  SRI  International-USGS 
seminar  in  Menlo  Park,  California. 

Engel  lectured  on  "The  detection  of 
amino  acids  and  hydrocarbons  in  ter- 
restrial and  extraterrestrial  Precam- 
brian  rocks"  at  the  Weizmann  Institute 
of  Science,  Rehovot,  Israel,  in  August 
1981,  and  on  "High-performance  liquid 
chromatographic  analysis  of  amino  acids 
with  reversed-phase  columns  and  chiral 
eluants"  at  the  Eastern  Analytical 
Symposium,  New  York  City,  in  Novem- 
ber 1981. 


Finger  gave  an  invited  paper  on 
"Constrained  refinement"  in  a  sympos- 
ium on  the  Mathematics  of  Refinement 
at  the  American  Crystallographic  As- 
sociation meeting  at  the  National  Bu- 
reau of  Standards,  March  29-April  2, 
1982. 

Frantz  attended  the  International 
Symposium  on  Hydrothermal  Reac- 
tions in  Japan  in  March  1982.  While  in 
Japan  he  lectured  at  the  universities  of 
Kyoto  and  Tokyo  on  "Ionization  con- 
stants of  MgCl2  and  CaCl2  in  super- 
critical aqueous  fluids,"  "Mineral- 
solution  equilibria  in  supercritical 
fluids — experimental  approaches,"  and 
"Mineral-solution  equilibria  and  trans- 
port models."  In  April  1982  he  gave  a 
talk  on  "Picosecond  Raman  spectros- 
copy" at  Howard  University. 

George  held  an  appointment  as  Lec- 
turer on  the  faculty  of  the  Department 
of  Earth  and  Planetary  Sciences,  John 
Hopkins  University,  in  connection  with 
a  joint  cooperative  program  with  the 
university  for  the  purpose  of  teaching 
a  graduate  course  in  the  use  of  the  elec- 
tron microprobe  at  the  Geophysical 
Laboratory. 

Hadidiacos  spent  three  days  in  March 
1982  at  the  Instituto  de  Investigaciones 
Electricos,  Cuernavaca,  Mexico,  where 
he  gave  a  lecture  and  tutorial  session 
on  the  techniques  of  electron  micro- 
probe  analysis. 

Hare  was  a  visiting  scientist  at  the 
Weizmann  Institute  of  Science  in  Re- 
hovot, Israel,  during  July  1981.  While 
there,  he  lectured  on  liquid  chromatog- 
raphy and  its  applications  to  the  geo- 
logical and  biological  sciences.  He  was 
a  symposium  chairman  on  "Microan- 
alytical  techniques  in  biochemical 
analysis"  at  the  annual  Eastern  Ana- 
lytical Symposium  in  New  York  City. 
He  lectured  on  advances  in  amino  acid 
biogeochemistry  to  the  Biochemistry  and 
Anthropology  departments  of  the  Uni- 
versity of  California  at  Riverside;  the 
Chemistry  Department  of  the  Univer- 
sity of  Maryland;  the  Anthropology  De- 
partment   of   George    Washington 
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University;  the  Department  of  Clinical 
Chemistry  of  Yale  University  Medical 
School;  the  U.S.  Geological  Survey  at 
Menlo  Park,  California;  Pacific  Union 
College;  the  Department  of  Chemistry 
of  Loma  Linda  University,  La  Sierra, 
California;  the  Department  of  Geogra- 
phy, University  of  Wales,  Aberystwyth; 
the  University  of  East  Anglia  in  Eng- 
land; and  the  Department  of  Geogra- 
phy, University  of  Quebec  at  Montreal. 

Hazen  lectured  on  "The  density  par- 
adox" at  the  Geological  Society  of 
Washington  on  September  17,  1981,  and 
at  Harvard  University  on  April  5, 1982; 
on  "Compiling  the  bibliography  of 
American  geology"  at  the  Academy  of 
Natural  Sciences  of  Philadelphia  on  Oc- 
tober 21,  1981;  and  on  "Diamonds  in 
high-pressure  research"  at  the  Gem, 
Lapidary  and  Mineral  Society  of  Wash- 
ington on  April  16, 1982.  He  was  named 
winner  of  the  Mineralogical  Society  of 
America  Award  for  1982,  for  research 
on  mineral  structures  at  high  temper- 
ature and  high  pressure. 

Hoering  gave  an  invited  lecture  on 
"Biogeochemistry  of  stable  isotopes"  at 
the  Applied  Physics  Laboratory,  Johns 
Hopkins  University,  in  February  1982. 

Irvine  lectured  at  the  University  of 
Pretoria,  the  University  of  Cape  Town, 
and  Stellenbosch  University,  and  pre- 
sented two  papers  at  the  Third  Inter- 
national Platinum  Symposium  in 
Pretoria  during  a  three-month  fellow- 
ship at  the  Bushveld  Research  Insti- 
tute. He  also  lectured  on  "The  origin  of 
Stillwater  Pt-Pd  ore  zone"  at  Queen's 
University  in  November  1981  and  at 
the  Massachusetts  Institute  of  Tech- 
nology and  the  University  of  Connect- 
icut in  April  1982. 

Kushiro  attended  the  IAVCEI  Sym- 
posium on  "Arc  Volcanism"  held  in  To- 
kyo in  August  1981.  In  June  1982  he 
received  a  Japan  Academy  Prize  in  the 
presence  of  the  Emperor  for  his  contri- 
bution to  experimental-petrological 
studies  on  rock-forming  materials,  es- 
pecially those  related  to  problems  of 


magma  genesis  and  physical  properties 
of  magmas  under  pressure. 

Li  participated  in  the  Association  for 
Computing  Machinery's  International 
Conference  on  Management  of  Data,  in 
Orlando,  Florida,  in  June  1982. 

London  gave  invited  lectures  on 
"Genesis  of  rare-metal  ore  deposits  in 
pegmatites"  at  Wesleyan  University  in 
January  1982  and  at  the  University  of 
Oklahoma  in  February  1982,  and  on 
"Lithium  mineral  stabilities  in  peg- 
matites" at  the  Friends  of  Granites 
(FOG)  meeting  at  the  University  of  To- 
ronto in  March  1982.  He  also  lectured 
on  "Lithium  minerals  in  pegmatites" 
and  "Subsolidus  equilibria"  at  the  Min- 
eralogical Association  of  Canada  Short 
Course  on  Granitic  Pegmatites  in  Sci- 
ence and  Industry  at  Winnipeg,  Mani- 
toba, on  May  14-15,  1982  (with  D.  M. 
Burt). 

Macho  gave  a  seminar  on  "Stable  ni- 
trogen isotopes  as  tracers  of  organic 
geochemical  processes"  at  the  Depart- 
ment of  Earth  Sciences,  Memorial  Uni- 
versity, St.  John's,  Newfoundland,  in 
April  1982.  He  also  lectured  at  the  Or- 
ganic Geochemistry  Group  at  the  Gulf 
Research  Center,  Pittsburgh,  and  the 
Oceanography  Department  at  Brook- 
haven  National  Laboratory. 

Mao  lectured  on  "Hydrostatic  pres- 
sure-transmitting media"  at  the  AIR- 
APT  Conference  on  High  Pressure  in 
Uppsala,  Sweden,  in  August  1981,  and 
at  the  Department  of  Physics,  Univer- 
sity of  Maryland,  in  November  1981. 
He  also  lectured  on  "The  high-pressure 
diamond  cell — a  window  to  the  earth's 
and  planetary  interior"  at  the  Depart- 
ment of  Earth  and  Planetary  Sciences, 
SUNY,  Stony  Brook,  in  June  1982. 

Mysen  lectured  on  "The  solubility 
mechanisms  of  volatiles  in  silicate  melts 
and  their  relations  to  crystal-andesite 
liquid  equilibria"  at  a  symposium  on 
Island  Arc  Volcanism  at  Tokyo,  Japan, 
in  August  1981,  on  "Relations  between 
the  structure  of  silicate  melts  and  phase 
equilibria  of  magmatic  rocks"  at  the 
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University  of  Tokyo,  and  on  "The  struc- 
ture of  silicate  melts  and  its  relevance 
to  chemical  and  physical  properties"  at 
the  University  of  Kyoto  in  September 
1981.  In  September  he  also  gave  a  sem- 
inar at  the  National  Power  Corporation 
of  the  Philippines  (the  National  Energy 
Authority)  on  "Island  arc  volcanism — 
experimental  constraints  on  pedogen- 
esis." My  sen  gave  lectures  entitled  "The 
effect  of  pressure  on  the  structure  of 
silicate  melts"  and  "Relationships  be- 
tween silicate  melt  structure  and  prop- 
erties" at  the  University  of  California 
at  Los  Angeles  in  October  1981,  and 
was  a  guest  lecturer  at  the  University 
of  Kiel,  West  Germany,  in  May  1982, 
where  he  spoke  on  "Recent  experimen- 
tal evidence  bearing  on  the  pedogen- 
esis of  andesitic  magma." 

Neumann  presented  a  paper  on  "Pet- 
rogenesis  of  silica-saturated  evolved  rift 
magmatic  rocks"  at  a  conference  on  the 
Processes  of  Planetary  Rifting,  Napa 
Valley,  California,  in  December  1981. 

Rumble  gave  an  invited  lecture  on 
"Stable  isotope  fractionation  during 
metamorphic  devolatilization  reac- 
tions" at  an  AGU  symposium  on  Vol- 
atiles  and  Petrogenesis  organized  by  J. 
V.  Smith  and  R.  C.  Newton.  He  also 
cooperated  with  J.  M.  Ferry  in  prepar- 
ing the  Mineralogical  Society  of  Amer- 
ica Short  Course  "Characterization  of 
metamorphism  through  mineral  as- 
semblages and  mineral  chemistry." 

Yoder  was  one  of  the  principal  speak- 
ers at  a  symposium  on  Technology  and 
Industrial  Policy,  held  September  19, 
1981,  sponsored  by  The  Diebold  Group, 
Inc.,  and  organized  by  Mr.  John  Die- 
bold,  Trustee  of  the  Carnegie  Institu- 
tion. In  connection  with  his  receipt  of 
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an  honorary  degree  from  the  Univer- 
sity of  Paris,  he  lectured  on  November 
5,  1981,  at  its  Institute  for  the  Physics 
of  the  Globe  on  "Alkali  basalt  magma 
generation:  physicochemical  rela- 
tions." Yoder  also  lectured  on  Novem- 
ber 12,  1981,  at  the  American 
Philosophical  Society  fall  meeting  in 
Philadelphia  on  "Strategic  minerals:  a 
critical  research  need  and  opportu- 
nity." He  gave  talks  on  heat  transfer 
and  magma  generation  at  the  Applied 
Physics  Laboratory,  Johns  Hopkins 
University,  on  February,  26,  1982,  and 
the  School  of  Geophysical  Sciences, 
Georgia  Institute  of  Technology,  on  April 
5,  1982. 

In  August  1981  Zou  presented  papers 
at  the  AIRAPT  Conference  on  High 
Pressure  in  Uppsala,  Sweden,  at  a  con- 
ference on  Solid-State  Physics  at  High 
Pressure  in  Bad-Honef,  West  Germany, 
and  at  the  European  Institute  for  Tran- 
suranium Elements  in  Karlsruhe,  West 
Germany. 

Field  Studies 

Estep  collected  and  studied  thermo- 
philic algae  and  bacteria  from  hydro- 
thermal  springs  of  Yellowstone  National 
Park,  Wyoming,  from  June  to  Septem- 
ber 1981. 

Irvine  continued  field  studies  of  the 
Skaergaard  Intrusion  during  August 
1981. 

Rumble  spent  six  weeks  during  the 
summer  of  1981  locating,  mapping,  and 
sampling  graphite  vein  deposits  in  the 
high-grade  metamorphic  rocks  of  south- 
central  New  Hampshire.  He  also  con- 
tinued to  map  and  sample  the  graphite- 
bearing,  granitic  plutons  of  the  area. 
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INTRODUCTION 

You  cannot  step  twice  into  the  same  river. 

— Heraclitus,  ca.  500  B.C. 

The  sound  of  the  flowing  water  will  always  be  the  same  ....  All  things  belonging  to  the 
earth  ivill  never  change — the  leaf,  the  blade,  the  flower,  the  wind  that  cries  and  sleeps  and 
wakes  again,  the  trees  whose  stiff  arms  clash  and  tremble  in  the  dark,  and  the  dust  of  lovers 
long  since  buried  in  the  earth — all  things  proceeding  from  the  earth  to  seasons,  all  things 
that  lapse  and  change  and  come  again  upon  the  earth — these  things  will  always  be  the  same, 
for  they  come  up  from  the  earth  that  never  changes,  they  go  back  into  the  earth  that  lasts 
forever.  Only  the  earth  endures,  but  it  endures  forever. 

—Thomas  Wolfe,  ca.  1930  A.D. 


It  is  often  said  that  one  can't  get  some- 
thing for  nothing.  This  isn't  true.  Essen- 
tially all  we  understand  about  the  Earth 
and  the  Universe  has  been  given  to  us 
as  a  free  gift  from  those  who  preceded 
us  in  the  quest  for  understanding.  Left 
to  ourselves,  our  ideas  concerning  our 
science  would  be  of  no  more  value  than 
those  of  our  cave-dwelling  ancestors. 

One  profound  insight  is  that  of  the 
timeless  steady-state  Earth,  and  the  cor- 
ollary that  "the  present  is  the  key  to  the 
past."  Present-day  processes  seem  ex- 
ceedingly slow  on  our  human  time  scale, 
but  when  continued  over  hundreds  of 
millions  of  years,  these  slow  processes 
are  responsible  for  dramatic  changes.  For 
example,  the  small  fault  motions  of 
earthquakes  are  in  large  part  responsible 
for  rearranging  the  continents  on  the 
globe.  Deposition  of  sedimentary  grains 
of  rock  and  clay  at  present  rates  of  less 
than  a  few  millimeters  per  year  have  built 
up  great  sections  of  sedimentary  rocks, 
many  kilometers  in  thickness.  These  are 
now  displayed  in  lofty  mountain  ranges, 
as  a  consequence  of  similarly  slow,  but 
observable,  vertical  tectonic  move- 
ments. The  relevance  of  much  of  our  work 
on  fundamental  problems  of  the  nature 
and  history  of  the  Earth  derives  from  the 
concept,  defined  in  geology  textbooks  as 
the  "uniformitarian  doctrine" — that  the 
Earth  is  timeless,  and  that  the  geologic 


record  reveals,  "no  vestige  of  a  begin- 
ning— no  prospect  of  an  end." 

The  trouble  with  the  uniformitarian 
doctrine  is,  of  course,  that  it  isn't  really 
true.  There  has  been  an  unfortunate  ten- 
dency by  some  teachers  and  writers  to 
continually  redefine  their  terms  so  as  to 
preserve  its  absolute  validity  by  defini- 
tion, thereby  degrading  it  by  rendering 
it  trivial.  If  this  "doctrine"  means  only 
that  the  laws  and  constants  of  physics 
have  always  been  the  same,  it  becomes 
geologically  useless,  and  possibly  still  in- 
correct. 

Ilya  Prigogine,  in  his  recent  book  From 
Being  to  Becoming,  expresses  the  view 
that  we  are  in  a  period  of  scientific  rev- 
olution, one  comparable  to  the  birth  of 
systematic  philosophical  inquiry  in  an- 
cient Greece  and  the  scientific  renais- 
sance of  Galileo  and  Newton.  In  our  time, 
he  suggests,  the  former  emphasis  on  the 
static,  steady-state  view  of  the  physical 
world,  including  that  of  the  fundamental 
nature  of  matter,  is  being  deemphasized. 
It  is  being  replaced  by  the  conviction  that 
irreversible  processes,  for  which  time  has 
a  unique  direction,  are  more  fundamen- 
tal. The  grand  architecture  of  the  Uni- 
verse and  its  component  galaxies,  stars, 
planets,  rocks,  and  living  creatures  is 
inescapably  evolutionary — and  not  nec- 
essarily predestined — on  both  the  mac- 
roscopic and  microscopic  levels.  This 
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development  raises  implications  that  are 
seen  as  alarming,  even  by  some  of  the 
greatest  physicists,  to  say  nothing  of 
nonscientists  concerned  with  the  need  to 
identify  the  eternal  and  thereby  pre- 
serve moral  values  and  religious  beliefs 
over  the  short  time  scales  of  human  civ- 
ilizations. 

From  the  evolutionary  point  of  view, 
the  steady-state  concept  can  be  an  ex- 
tremely useful  approximation,  but  it  is 
an  approximation  nevertheless.  The 
thrust  of  much  present  work  at  DTM  and 
elsewhere  consists  of  penetrating  realms 
wherein  this  approximation  breaks  down: 
the  evolutions  of  galaxies,  the  solar  sys- 
tem, the  Earth  itself.  It  may  seem  par- 
adoxical that  success  in  understanding 
the  irreversible  journey  of  our  Universe 
through  time  is  intimately  associated  with 
exploiting  the  understanding  that  can  be 
provided  by  nearly  steady-state  systems 
like  the  well-behaved  middle-aged  Earth, 
fairly  isolated  in  time  from  its  turbulent 
youth  and  its  probably  catastrophic  end. 


Selective  Summary  of  Current 
Work 

Subduction,  Volcanic  Rocks,  and  the 
Formation  of  Continents 

A  major  highlight  of  the  past  year's 
work  at  DTM  has  been  the  discovery  by 
Brown,  Tera,  and  Sacks,  and  their  col- 
laborators Middleton  and  Klein  at  the 
University  of  Pennsylvania,  of  the  ra- 
dioisotope 10Be  in  recently  erupted  lavas. 
Part  of  the  beauty  of  this  discovery  is  the 
way  a  single  measurement  illustrates  so 
much  of  the  plate  tectonic  story. 

10Be,  a  radioisotope  with  a  half-life  of 
1.5  million  years,  is  produced  naturally, 
high  in  the  atmosphere,  by  bombard- 
ment of  atmospheric  nitrogen  and  oxy- 
gen by  energetic  cosmic  ray  protons.  It 
is  brought  to  the  Earth's  surface  at- 
tached to  dust  grains  present  in  rain- 
drops. It  settles  to  the  ocean  bottoms, 
where  it  becomes  included  in  the  thin 
layer  of  mud  at  the  seafloor.  These  oceanic 


sediments  are  then  slowly  but  inexorably 
carried  along  with  the  motion  of  the  75- 
km-thick  plates  of  oceanic  lithosphere  to 
subduction  zones,  where,  as  part  of  the 
mantle  convection  system,  the  entire 
lithospheric  plate  plunges  deep  into  the 
Earth's  mantle.  10Be  is  also  carried  down 
with  the  plate. 

Many  of  the  Earth's  volcanoes  are  sit- 
uated where  the  surface  is  about  100  km 
above  these  downgoing  plates.  Some  of 
the  material  from  the  plate,  including 
some  10Be,  becomes  mixed  with  the 
magma  which  flows  as  lava  up  to  the  sur- 
face. This  journey  of  10Be,  which  starts 
from  fine  particles  settling  into  the  ocean, 
traverses  the  ocean  basin  and  is  sub- 
ducted with  the  lithospheric  plate,  and 
then  reemerges  in  volcanic  lava,  sum- 
marizes much  of  plate  tectonics  and  geo- 
chemical  cycling. 

In  addition  to  this  delightful  qualita- 
tive illumination  of  the  subduction  pro- 
cess, the  10Be  measurements  provide 
quantitative  data  regarding  a  major  geo- 
chemical  question — the  role  of  sub- 
ducted oceanic  material  in  the  formation 
of  continental  and  island  arc  land  masses. 
Clear  indication  of  10Be  is  found  in  thir- 
teen of  the  fifteen  island  arc  volcanic  rocks 
measured.  No  significant  quantities  of  10Be 
are  found  in  the  three  active  samples  that 
are  not  associated  with  subducted  lith- 
osphere, for  example  from  Kilauea  in  Ha- 
waii, an  oceanic  "hot  spot"  probably 
entirely  of  mantle  origin.  The  investi- 
gators report  that  about  2%  of  the  10Be 
in  the  subducted  sediment  returns  to  the 
surface  in  the  lavas.  This  agrees  with 
earlier  work  at  DTM  using  strontium  and 
oxygen  isotopes,  showing  that  a  very 
limited  but  measurable  quantity  of  the 
oceanic  crust  is  incorporated  into  conti- 
nents and  islands  by  the  subduction  pro- 
cess. 

This  exciting  application  of  the  10Be 
work  is  only  in  its  early  stages.  Already, 
the  group  has  found  that  there  are  sig- 
nificant differences  in  10Be  content  among 
different  island  arc  volcanoes.  Particu- 
larly striking  data  are  those  from  Usu 
volcano  in  Japan  and  Ta-Tung  in  Tai- 
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wan — the  two  cases  found  where  island 
arc  volcanic  rocks  do  not  contain  sub- 
ducted 10Be.  A  hypothesis  has  been  pro- 
posed to  explain  this.  Unlike  those 
volcanoes  where  10Be  is  measured,  Usu 
and  Ta-Tung  are  not  in  the  front  rank  of 
volcanoes — those  that  have  first  access 
to  the  subducted  material.  It  is  therefore 
possible  that  the  front-rank  volcanoes 
have  removed  essentially  all  of  the  ac- 
cessible crustal  material.  Whether  or  not 
this  explanation  survives  further  testing 
remains  to  be  seen.  The  principal  point 
is  that  10Be  measurements  not  only  per- 
mit quantitative  inferences  as  to  the  role 
of  subducted  sediments  in  magma  pro- 
duction, but  also  provide  insights  into  the 
details  of  the  mechanisms  involved. 

This  work  on  10Be  represents  only  one 
application  of  the  powerful  new  tech- 
nique of  "high-energy  mass  spectro- 
scopy." In  this  case,  the  tandem  Van  de 
Graaff  accelerator  at  the  University  of 
Pennsylvania  is  used  to  generate  and  ac- 
celerate the  10Be  ions  to  energies  of  25 
million  electron  volts.  This  permits  ap- 
plications of  techniques  used  in  nuclear 
physics,  e.g.,  deceleration  of  the  ions  in 
foils  and  gases  and  the  application  of 
range-energy  relations,  to  identify  ionic 
species  with  much  higher  selectivity  than 
obtainable  by  the  conventional  electro- 
magnetic separation  used  in  low-energy 
mass  spectroscopy.  This  same  technique 
can  also  be  used  to  measure  concentra- 
tions of  other,  very  rare  isotopes  such  as 
14C,  used  in  dating,  and  26A1,  which  like 
10Be  is  produced  by  cosmic  ray  bom- 
bardment. 

The  identification  of  10Be  in  volcanic 
rocks,  while  probably  the  most  spectac- 
ular, is  only  one  of  several  applications 
of  10Be  to  earth  science  problems.  The 
same  investigators,  for  example,  work- 
ing in  collaboration  with  Milan  Pavich  of 
the  U.S.  Geological  Survey,  have  mea- 
sured the  10Be  concentration  in  about  100 
samples  of  soils  and  sediments.  Thus,  al- 
though high-energy  mass  spectroscopy 
remains  in  its  infancy,  its  promise  toward 
helping  us  understand  much  about  the 
deposition,  erosion,  and  transport  of  soils 


and  sedimentary  rocks  has  been  dem- 
onstrated. 

Returning  to  plate  tectonics,  our  in- 
vestigators report  on  a  number  of  other 
studies  directed  toward  understanding 
the  geodynamical  processes  responsible 
for  the  growth  of  continents  and  the  ev- 
olution of  the  crust-mantle  system.  Plate 
tectonic  theory  now  provides  a  global 
context  within  which  the  fundamental 
questions  of  terrestrial  evolution  can  be 
clearly  posed.  But  there  remains  much 
to  be  done  if  many  of  these  questions  are 
to  be  answered. 

In  the  early  days  of  the  plate  tectonic 
revolution,  more  than  a  decade  ago,  prin- 
cipal emphasis  was  placed  on  the  ocean 
basins  and  their  underlying  crusts  and 
mantle.  It  was  there  that  the  present- 
day  processes  of  oceanic  lithosphere  for- 
mation, seafloor  spreading,  and  subduc- 
tion  were  dramatically  revealed.  But  if 
we  are  ever  to  understand  geodynamical 
processes  in  the  past,  it  will  be  necessary 
to  understand  the  nature  of  the  conti- 
nental land  masses — how  they  were 
formed  and  how  they  are  altered  and  de- 
stroyed by  geological  processes.  The  old 
ocean  basins  have  vanished  forever,  ex- 
cept for  relics  salvaged  by  attachment  to 
the  buoyant  continents  and  thereby  pre- 
served from  the  usual  fate  of  suboceanic 
rocks — subduction  deep  into  the  Earth's 
interior. 

Chyi,  Carlson,  and  their  collaborator 
Crerar  from  Princeton  University  de- 
scribe an  isotopic  study  of  hydrothermal 
manganese  ore  and  associated  chert  de- 
posits in  one  such  relic  of  oceanic  crust — 
the  Franciscan  Assemblage  in  Califor- 
nia. These  ore  deposits  apparently  formed 
by  the  interaction  of  oceanic  basaltic  la- 
vas with  circulating  hot  seawater,  simi- 
lar to  the  hydrothermal  circulation 
systems  identified  at  modern  ocean  ridges. 
The  strontium  isotopic  composition  of  the 
ores  reveals  a  mixture  of  Jurassic  (about 
160  million  years  old)  seawater  strontium 
and  mantle  strontium,  the  latter  leached 
from  the  basalts  during  the  formation  of 
the  manganese  deposits.  In  contrast,  the 
neodymium  in  the  cherts  and  ores  does 


458 


CARNEGIE    INSTITUTION 


not  appear  to  have  been  derived  from  the 
basalts,  presumably  because  the  rare 
earth  elements  are  relatively  immune  to 
leaching  during  hydrothermal  alteration. 
The  neodymium  isotopic  composition 
measured  in  the  ores  probably  repre- 
sents that  of  Jurassic  seawater,  ex- 
tracted from  water  that  accumulated  in 
the  interstitial  pores  of  these  rocks. 

These  results  indicate  the  possibility 
of  using  deep-sea  cherts  and  manganese 
nodules  of  various  ages  to  measure  the 
temporal  variation  of  143Nd/144Nd  in  sea- 
water  and  in  the  continents  from  which 
the  seawater  neodymium  is  derived. 

The  most  obvious  difference  between 
continents  and  oceans  is  the  contrast  be- 
tween the  thicknesses  of  their  crusts — 
the  layer  of  low-density  rock  that  varies 
in  composition  between  basalt  and  gran- 
ite and  that  overlies  the  less  chemically 
differentiated  mantle  beneath.  Conti- 
nental crusts  are  typically  about  35  km 
thick,  are  geochemically  and  structurally 
complex,  and  include  large  exposures  of 
rocks  more  than  2600  million  years  old. 
Oceanic  crusts  are  thin  (5  km)  layers  of 
relatively  young  sediments  and  basaltic 
rocks.  Clearly  the  present  continental 
crusts  have  built  up  over  billions  of  years. 
In  learning  how  this  has  come  about,  a 
first  step  is  to  understand  how  these  pro- 
cesses are  occurring  today. 

New  continental  crust  can  be  formed 
by  mechanical  collision  and  accretion  of 
crustal  masses  originally  generated  from 
suboceanic  mantle,  such  as  island  arcs 
and  oceanic  plateaus.  In  addition,  con- 
tinental crust  can  be  formed  geochemi- 
cally, by  partial  melting  and  upward 
migration  of  subcontinental  mantle  ma- 
terial, and  by  extraction  of  characterist- 
ically crustal  elements  from  oceanic  mantle 
deep  in  subduction  zones,  as  evidenced 
by  the  10Be  results  discussed  earlier. 
These  present-day  geochemical  pro- 
cesses occur  at  depths  much  too  great  to 
be  studied  in  situ.  However,  clues  about 
the  nature  of  these  deep-seated  pro- 
cesses can  be  obtained  from  studying  their 
surface  expressions — the  chemical  and 
isotopic  compositions  of  volcanic  rocks  that 


erupt  upon  the  continents.  Interpreta 
tion  of  these  data  is  not  easy.  Among 
other  problems,  some  of  the  volcanic  ma- 
terial is  not  new  crust  at  all  but  simply 
older  crustal  material  assimilated  by  the 
rising  magma,  or  older  eroded  sediments 
of  crustal  origin  that  were  subducted  along 
with  the  oceanic  mantle  at  the  ocean-con- 
tinent boundary. 

A  number  of  such  studies  on  volcanic 
rocks,  using  a  panoply  of  chemical  and 
isotopic  tools  including  rare  earth  ele- 
ments, and  oxygen,  strontium,  neodym- 
ium, and  lead  isotopic  compositions,  are 
reported  this  year.  Together,  the  results 
show  that  all  the  various  mantle  and 
crustal  sources  discussed  above  actually 
contribute  to  volcanic  magmas  and,  more 
often  than  not,  in  combination  with  one 
another. 

In  several  related  investigations, 
James,  Carlson,  Ishizaka,  and  Barreiro 
report  isotopic  studies  of  the  abundant 
andesites  and  other,  more-silica-rich, 
"continent-like"  volcanic  rocks  in  South 
America  and  Japan.  Although  a  crustal 
contribution  is  sometimes  clearly  pres- 
ent, it  is  also  found  that  the  primary  source 
of  these  silica-rich  magmas  is  probably 
the  subcontinental  mantle.  In  some  cases 
evidence  for  a  contribution  from  sub- 
ducted oceanic  crust  can  also  be  identi- 
fied. 

In  the  Oregon-Modoc  Plateau  of  the 
northwestern  United  States,  Hart  and 
Carlson  show  that  the  primary  source  of 
the  major  Cenozoic  volcanism  is  a  mantle 
resembling  the  source  of  mid-ocean  ridge 
basalts,  and  that  this  portion  of  the  con- 
tinent is  truly  a  recent  addition.  Farther 
to  the  east,  related  lavas  assimilated  por- 
tions of  the  ancient  preexisting  continen- 
tal crust,  and  other  lavas  were  derived 
from  the  subcontinental  mantle.  In  an- 
other study,  Zhou  and  Carlson  present 
evidence  that  basaltic  lavas  in  north- 
eastern China  were  derived  from  a  het- 
erogeneous subcontinental  mantle, 
possibly  resulting  from  the  recent  intro- 
duction of  chemically  and  isotopically  dis- 
tinct mantle  reservoirs  during 
northeastern  China's  tectonic  interaction 
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with  the  Pacific  Plate  and  collision  with 
the  Indian  Plate. 

Geochemical  measurements  on  vol- 
canic rocks  provide  information  about  the 
interaction  of  the  subducted  slab  and  the 
more-buoyant  mantle  above.  Geochemi- 
cal interpretation  of  the  sources  of  lavas 
overlying  subduction  zones  relies  heavily 
on  seismological  evidence  for  the  exis- 
tence and  nature  of  the  subducted  slab 
of  oceanic  lithosphere.  In  addition,  as 
discussed  below,  seismological  data  may 
provide  evidence  for  more-direct  incor- 
poration of  oceanic  material  onto  conti- 
nents. 

There  are  several  anomalous  subduc- 
tion zones  which  for  some  reason  are  not 
overlain  by  volcanoes.  In  this  Report, 
Sacks  provides  a  synthesis  of  geophysical 
data  from  three  such  anomalous  zones, 
in  Peru,  Chile,  and  Japan,  and  gives  an 
explanation  of  their  origins.  He  points 
out  that  the  three  zones  are  character- 
ized not  only  by  absence  of  volcanoes  but 
also  in  other  ways.  In  these  regions,  where 
the  subducted  oceanic  plate  is  less  than 
70  million  years  old,  the  plate  first  de- 
scends at  the  usual  30°  angle;  but  at  depths 
of  60-100  km  the  plate  is  bent  nearly 
horizontal  and  proceeds  horizontally  for 
hundreds  of  kilometers  below  the  adja- 
cent overlying  lithosphere.  It  eventually 
plunges  deep  into  the  mantle.  Above  these 
anomalous  subductions,  the  absorption 
of  seismic  signals  is  unusually  low,  sug- 
gesting that  the  overlying  mantle  is  strong 
and,  presumably,  cool.  In  contrast,  in 
normal  subduction  zones,  one  finds  an  ab- 
sorbing "asthenosphere."  Sacks  pro- 
poses that  all  these  phenomena  are 
related.  He  shows  that  both  normal  and 
anomalous  subduction  zones  are  explain- 
able in  terms  of  the  age  and  therefore 
the  thickness  of  the  oceanic  plate,  the 
depth  of  the  ocean,  and  the  temperature 
of  the  overlying  lithosphere,  as  inferred 
from  heat-flow  measurements.  Accord- 
ing to  these  ideas,  anomalous  zones  in- 
volve the  subduction  of  a  relatively  low 
density  oceanic  plate — i.e.,  one  that  is 
young  and  thin,  or  that  has  an  unusually 
thick  crust. 


After  the  first  50  km  or  so,  the  sub- 
duction of  such  a  lithospheric  slab  is  in- 
fluenced by  its  increased  density,  which 
results  as  a  consequence  of  the  transfor- 
mation of  the  basaltic  oceanic  crust  into 
its  high-pressure,  high-density  form, 
eclogite.  However,  if  the  lithosphere  in 
contact  with  the  descending  slab  is  cool 
(less  than  500°C),  this  transformation  is 
held  up  kinetically.  Therefore  when  the 
lithosphere  is  cool,  the  subducted  slab 
remains  buoyant  as  it  moves  horizontally 
for  distances  up  to  1000  km,  as  106-107 
years  are  required  for  the  basalt-eclogite 
transformation  to  occur  at  these  low  tem- 
peratures. The  absence  of  volcanoes  is  a 
consequence  of  the  low  temperature  and 
the  absence  of  a  partially  melted  region. 

Crustal  Deformation 

Primarily  in  response  to  the  Earth's 
internal  convective  motions,  the  crust  and 
mantle  of  the  Earth  are  deformed.  The 
short-term  effects  of  crustal  deformation 
are  shallow  earthquakes  and  slower, 
more-plastic  "flow"  of  the  Earth's  crust. 
On  a  longer  time  scale,  the  accumulation 
of  short-term  deformations  is  responsi- 
ble for  offsets  hundreds  of  kilometers  in 
length  along  large  fault  systems  such  as 
the  San  Andreas,  and  for  the  rearrange- 
ment of  geography  as  a  result  of  conti- 
nental drift.  Understanding  the  mechanics 
of  crustal  deformation  is  essential  to 
progress  in  fundamental  problems  of 
geodynamics  and  is  also  highly  relevant 
to  earthquake  hazard  problems. 

Crustal  deformation  can  be  described 
physically  in  terms  of  fields  of  stress  forces 
and  resulting  strain  displacements.  When 
an  earthquake  occurs,  some  preexisting 
stress  is  relieved  and  a  "stress  drop"  oc- 
curs. Some  measurements  of  stress  drops 
accompanying  large  earthquakes  and  their 
associated  foreshocks  and  aftershocks 
suggest  that  regional  stress  drops  are 
smaller  after  the  main  shock  than  before. 
In  the  case  of  smaller  earthquakes,  how- 
ever, no  trend  in  stress  drops  has  been 
found;  it  hasn't  been  clear  whether  this 
is  a  real  phenomenon  or  simply  a  con- 
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sequence  of  lack  of  accuracy  in  the  earlier 
measurements. 

Snoke,  Linde,  and  Sacks  discuss  the 
problem  of  measuring  stress  drops.  They 
explain  that  a  method  based  on  the  total 
radiated  energy,  termed  "apparent 
stress,"  can  be  the  most  reliable,  pro- 
vided that  sufficient  broad-band  seismic 
data  are  available.  This  is  illustrated  by 
data  on  small  earthquakes  obtained  with 
a  DTM  broad-band  seismograph  in  Ice- 
land. The  investigators  found  that  stress 
drops  decrease  systematically  with  time 
following  the  start  of  earthquake  activity 
in  a  region,  in  contrast  with  previous  re- 
sults indicating  no  evidence  for  such  cor- 
relation in  small  earthquakes. 

A  principal  component  of  our  work  on 
crustal  deformation  is  the  worldwide  de- 
ployment of  borehole  strainmeters  in- 
vented at  DTM  and  constructed  in  our 
shops.  Several  studies  are  reported  this 
year  that  evaluate  the  performance  of 
these  instruments  in  the  field,  with  par- 
ticular attention  to  their  ability  to  dis- 
tinguish tectonically  significant  changes 
from  near-surface  noise. 

In  one  of  these  reports,  Sacks  and 
Linde,  in  collaboration  with  McGarr  of 
the  U.S.  Geological  Survey  and  Spottis- 
woode  and  Green  in  South  Africa,  report 
data  obtained  from  strainmeters  em- 
placed  in  a  3-km-deep  gold  mine  in  South 
Africa.  They  have  studied  the  response 
of  strainmeters  to  strain  changes  that  oc- 
cur as  a  consequence  of  earthquakes 
caused  by  the  mining  operations.  They 
find  that  the  strainmeters  accurately  re- 
cord strain  steps  that  are  in  excellent 
agreement  with  theoretical  calculations, 
and  that  these  instruments  appear  to  be 
unique  in  this  regard.  They  also  point  out 
that  mining-induced  earthquakes,  occur- 
ring in  unfractured  rock,  have  no  pre- 
cursory phenomena.  This  suggests  that 
precursors  of  the  tectonic  earthquakes 
are  a  consequence  of  preexisting  faults 
in  tectonically  active  regions. 

During  the  past  year,  the  program  of 
deploying  networks  of  strainmeters  in 
California  has  continued  with  the  instal- 
lation of  instruments  at  Pinon  Flat  Ob- 


servatory, south  of  Palm  Springs.  This 
installation,  conducted  in  collaboration 
with  a  group  at  the  University  of  Cali- 
fornia, San  Diego,  is  of  particular  inter- 
est because  many  instruments  of  different 
types  have  also  been  installed  at  the  site. 
This  will  permit  comparison  of  different 
techniques  for  measuring  crustal  defor- 
mation. Similar  comparisons  of  data  from 
an  earlier  DTM-U.S.  Geological  Survey 
strainmeter  site  in  the  Mojave  Desert 
suggest  that,  because  of  its  deep  burial, 
the  borehole  strainmeter  provides  a  more 
reliable  indication  of  tectonic  deforma- 
tion than  does  a  two-color  laser  instru- 
ment at  the  surface. 

Formation  and  Evolution  of  the  Earth 

One  reason  often  given  for  assuming 
the  Earth  to  be  in  a  steady  state  is  that 
this  assumption  is  necessary  in  order  to 
avoid  the  overwhelming  difficulty  of 
dealing  with  the  Earth's  initial  state.  A 
small  group  at  DTM  are  engaged  in  a 
program  following  our  belief  that  these 
difficulties  may  be  less  than  overwhelm- 
ing, provided  that  a  proper  combination 
of  two  different  but  complementary  ap- 
proaches is  taken.  The  first  approach  em- 
phasizes the  examination  of  the 
fundamental  physical  and  chemical  pro- 
cesses involved  in  the  formation  of  plan- 
ets from  interstellar  and  interplanetary 
matter.  The  second  requires  obtaining 
and  interpreting  the  observable  geolog- 
ical and  geochemical  record  preserved  in 
the  ancient  rocks  of  the  Earth  and  the 
Moon,  in  meteorites,  and  in  planetary  at- 
mospheres. 

A  principal  step  toward  understanding 
the  formation  of  the  planets  is  under- 
standing how  single  stars,  like  the  Sun, 
form.  Present  numerical  studies  of  the 
collapse  of  interstellar  clouds  lead  more 
naturally  to  binary  or  triple  stars  rather 
than  single  stars,  because  of  the  large 
amount  of  angular  momentum  plausibly 
associated  with  the  initial  interstellar 
cloud.  One  possible  method  for  single- 
star  production  is  by  formation  of  a  triple 
system,  followed  by  gravitational  ejec- 
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tion  of  one  member  of  the  system.  An 
alternative  is  by  loss  of  angular  momen- 
tum via  some  mechanism,  for  example 
turbulent  viscosity. 

Boss  reports  the  results  of  a  numerical 
study  of  triple-system  formation.  His 
purpose  was  not  necessarily  to  support 
the  view  that  the  Sun  actually  formed 
this  way,  but  to  assess  the  probability 
and  implications  of  this  mode  of  star  for- 
mation for  comparisons  with  alternative 
hypotheses.  He  finds  that  fragmentation 
of  a  cloud  into  three  collapsing  bodies  can 
indeed  occur;  earlier  work  by  others  has 
shown  that  it  can  be  expected  that  one 
of  the  fragments  should  be  ejected  to  form 
a  single  star,  possibly  accompanied  by  a 
gravitationally  bound  "solar  nebula"  of 
dust  and  gas.  However,  Boss's  work 
shows  that  formation  of  triple  fragments 
is  rather  exceptional,  and  that  the  ex- 
pected relative  velocity  of  the  escaping 
single  body  is  considerably  higher  than 
the  typical  velocity  found  by  observation 
of  very  young,  low-mass  stars.  Therefore 
unless  formation  of  single  stars  by  ejec- 
tion from  triple  systems  strongly  favors 
formation  of  Earth-like  planets,  this 
mechanism  doesn't  appear  to  be  a  pre- 
ferred one  for  the  formation  of  the  solar 
nebula. 

The  more-primitive  components  in  me- 
teorites represent  our  most  direct  sam- 
ples of  the  solar  nebula.  Lee  and  Tera 
report  further  investigations  of  isotopic 
abundances  of  elements  separated  from 
the  calcium-aluminum  inclusions  in  the 
Allende  carbonaceous  meteorite.  Marked 
isotope  anomalies  have  been  previously 
found  in  certain  rare  inclusions  of  this 
kind,  but  the  "normal"  range  of  anom- 
alies is  probably  more  important  to  the 
general  question  of  the  degree  of  mixing 
in  the  solar  nebula.  These  measurements 
are  also  astrophysically  important  be- 
cause they  provide  laboratory  evidence 
for  details  of  the  nucleosynthetic  pro- 
cesses in  stars  that  contributed  material 
to  the  interstellar  clouds  from  which  the 
solar  nebula  formed.  The  iron  group  ele- 
ments are  of  particular  interest  in  this 
regard.  Lee  and  Tera  report  new  mea- 


surements on  one  element  of  this  group, 
chromium.  They  show  that  they  have 
achieved  the  level  of  precision  needed  to 
find  isotope  variations  in  normal  calcium- 
rich  inclusions,  on  the  basis  of  earlier  ti- 
tanium data  and  nucleosynthetic  theory. 
No  anomalies  have  yet  been  found  at  this 
level,  however,  and  efforts  to  improve 
the  precision  further  are  under  way. 

In  another  meteoritic  investigation  di- 
rected toward  understanding  processes 
in  the  solar  nebula,  Tamhane  and  Rajan 
present  new  evidence  regarding  the  for- 
mation of  amino  acids  in  carbonaceous 
meteorites.  The  formation  of  compounds 
of  the  volatile  elements  is  of  central  im- 
portance in  understanding  the  cooling 
history  of  the  nebula.  Tamhane  and  Ra- 
jan's  evidence  supports  their  hypothesis 
that  these  amino  acids  were  not  formed 
by  Fischer-Tropsch  or  Miller-Urey  pro- 
cesses in  the  nebula,  but  are  a  conse- 
quence of  solar  flare  irradiation  of  the 
surfaces  of  the  parent  bodies  of  these  me- 
teorites. This  evidence  consists  of  a  cor- 
relation between  amino  acid  content  and 
the  charged-particle  track  record  of  solar 
flare  irradiation. 

An  important  candidate  mechanism  for 
Earth  formation  is  by  accumulation  from 
planetesimals  after  most  of  the  gas  was 
lost  from  the  solar  nebula.  Our  earlier 
numerical  studies  of  this  problem  showed 
that  the  formation  of  terrestrial  planets 
distributed  in  size  and  number  similar  to 
the  present  system,  appears  sensitive  to 
the  extent  that  collisional  energy  loss  oc- 
curred during  planet  formation.  Further 
progress  on  this  problem  requires  a  more 
detailed  examination  of  the  algorithms 
used.  Such  a  study  is  reported  by  the 
writer  and  his  collaborator,  L.  P.  Cox, 
of  MIT. 

We  found  that,  to  a  large  extent,  the 
approximate  algorithms  previously  used 
represent  a  good  way  to  make  these  cal- 
culations, but  that  some  improvement  is 
possible.  The  most  interesting  result  of 
this  work  is  evidence  of  new  phenomena 
important  at  the  low  velocities  likely  to 
have  occurred  at  an  early  stage  of  planet 
formation.  Under  these  conditions,  col- 
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lisions  between  planetesimals  no  longer 
occur  for  bodies  that  in  the  absence  of 
mutual  gravitational  perturbations  would 
appear  to  be  on  a  collision  course.  In  con- 
trast, collisions  are  found  only  between 
objects  that  appear  as  if  they  should  miss 
each  other  by  large  distances.  When  con- 
sidered quantitatively,  this  effect  is  found 
to  limit  the  extent  of  "runaway  accre- 
tion" where  the  first  large  bodies  to  form 
have  an  overwhelming  advantage  over 
smaller  objects  with  respect  to  further 
growth.  These  results  indicate  that  there 
is  an  optimum  size  for  growth;  larger  and 
smaller  bodies  will  grow  less  rapidly.  This 
phenomenon  is  likely  to  cause  planetary 
growth  to  be  more  self-regulated  and  may 
be  more  likely  to  lead  to  the  present  sys- 
tem of  terrestrial  planets. 

Investigations  into  the  geochemical 
evolution  of  the  primitive  Earth  are  re- 
ported by  Carlson  and  Diez  de  Medina, 
and  by  Tera.  The  former  report  is  a  sa- 
marium-neodymium  study  of  the  3000- 
m.y.-old  rocks  from  the  Big  Horn  Moun- 
tains in  Wyoming.  The  results  show  that 
even  rocks  this  ancient  were  derived  from 
a  source  that  had  fractionated  with  re- 
spect to  average  Earth  composition.  They 
also  show  that  mantle  sources  at  that  early 
time  were  already  heterogeneous.  Tera's 
work  on  lead  isotopes  shows  that  the  iso- 
topic  composition  of  oceanic  lead  requires 
the  existence  of  ancient  sources  with  dif- 
ferent uranium-to-lead  ratios.  Models  of 
evolution  must  reconcile  the  evidence  for 
a  convective  mantle  with  the  long-term 
isolation  of  these  sources. 

Understanding  the  internal  evolution 
of  the  Earth  largely  requires  under- 
standing its  operation  as  a  convective 
thermo-mechanical  system,  or  "heat  en- 
gine," together  with  understanding  the 
chemical  processes  that  are  coupled  to 
this  system.  Previous  models  of  mantle 
convection  have  been  limited  to  a  steady- 
state  approximation.  Boss  and  Sacks  re- 
port the  first  numerical  work  on  time- 
dependent  mantle  convection.  They  find 
that  the  time  scales  required  for  estab- 
lishment of  the  steady  state  may  be  com- 
parable with  the  age  of  the  Earth,  thus 


demonstrating  that  time  dependence  must 
be  considered  in  realistic  calculations  of 
mantle  evolution.  They  also  found  that 
for  some  initial  conditions,  a  double  layer 
convection  system  may  be  long-lived,  even 
though  the  equilibrium  system  would 
consist  of  a  single  layer  of  convective  cells. 
The  distinction  between  one-layer  and 
two-layer  convection  is  essential  to  con- 
siderations of  the  Earth's  geochemical 
evolution,  and  it  is  expected  that  further 
work  on  time-dependent  convective 
models  will  strengthen  the  link  between 
geophysical  and  geochemical  models  of 
the  Earth's  mantle. 

Extragalactic  Studies 

A  major  gap  in  our  understanding  of 
the  evolution  of  the  Universe  as  a  whole 
results  from  uncertainties  in  the  way  gal- 
axies of  different  types  form  and  evolve. 
Removal  of  these  uncertainties  is  impor- 
tant not  only  intrinsically  but  also  be- 
cause star  formation  in  galaxies  provides 
the  context  wherein  the  Sun  and  the  Earth 
formed  in  our  own  Galaxy  4.5  billion  years 
ago. 

Koo  points  out  that  as  a  consequence 
of  the  finite  speed  of  light,  telescopes  are 
time  machines  that  permit  us  to  look  back 
into  the  past  history  of  the  Universe.  He 
reports  the  first  results  of  a  major  survey 
of  the  characteristics  of  extremely  faint 
galaxies,  mostly  objects  being  observed 
as  they  were  from  3.5  to  7  billion  years 
ago,  about  a  third  the  age  of  the  Uni- 
verse. Koo  and  his  collaborator,  Richard 
Kron  of  Yerkes  Observatory,  have  ob- 
tained a  catalog  of  over  10,000  of  these 
galaxies.  Multicolor  and  spectroscopic 
measurements  permit  them  to  separate 
the  effect  of  redshift  from  the  intrinsic 
color  of  a  galaxy;  the  latter  property  is 
relevant  in  determining  the  extent  to 
which  the  galaxy  has  evolved.  Their  pre- 
liminary results  are  best  fit  by  models 
wherein  galaxies  are  formed  in  a  low- 
density,  forever-expanding  universe,  and 
evolve  in  both  color  and  luminosity. 

Two  other  investigations  discussed  in 
this  Report  are  relevant  to  the  funda- 
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mental  question  of  the  distribution  of  mass 
in  the  Universe. 

The  first  is  the  continuation  of  the  ma- 
jor program  of  our  astronomical  group — 
obtaining  rotational  velocity  data  for  a 
large  sample  of  galaxies  and  relating  these 
data  to  other  properties  of  galaxies,  such 
as  Hubble  type,  mass-to-light  ratio,  and 
luminosity.  This  year  the  data  analysis 
has  been  extended  to  include  Sa  spiral 
galaxies.  These  are  found  to  exhibit  the 
same  phenomenon  reported  earlier  for 
Sb  and  Sc  spirals,  namely  that  rotational 
velocity  does  not  drop  off  at  the  edge  of 
the  visible  galaxy  but  continues  to  rise 
or  at  least  remains  fiat.  This  implies  the 
existence  of  large  amounts  of  "unseen 
mass,"  in  the  form  of  some  sort  of  halo 
surrounding  the  visible  galaxy.  This  year 
the  observations  have  been  extended  to 
include  galaxies  occurring  in  clusters.  It 
might  have  been  expected  that  interac- 
tions resulting  from  the  smaller  separa- 
tions between  cluster  galaxies  would 
remove  some  of  this  halo  mass.  No  effect 
of  this  kind  was  found.  Cluster  galaxies 
exhibit  rotation  curves  and  mass  distri- 
butions that  are  the  same  as  those  of  iso- 
lated galaxies. 

Also  related  to  the  distribution  of  mass 
in  the  Universe  is  the  work  of  L. 
Schweizer,  on  mass-to-light  ratios  of  gal- 
axies as  determined  by  the  orbits  of 
gravitationally  bound  pairs  of  galaxies. 
She  finds  surprisingly  high  mass-to-light 
ratios,  suggesting  the  existence  of  even 
more  unseen  mass  than  that  found  from 
rotational  velocity  data  for  individual 
galaxies.  Even  so,  the  mass  of  nonlu- 
minous  material  still  falls  short  of  that 
required  to  close  the  Universe. 

A  central  problem  in  understanding  the 
large-scale  nature  and  evolution  of  the 
Universe  is  that  of  the  genetic  relation- 
ships among  galaxies  of  different  types. 
The  most  obvious  observational  distinc- 
tion is  between  the  rapidly  rotating  spi- 
ral, or  disk,  galaxies,  and  the  slowly 
rotating  elliptical  galaxies.  A  fundamen- 
tal question  is  whether  the  difference  be- 
tween these  two  types  of  galaxies  is  a 
primordial  one,  traceable  back  to  the  Big 


Bang  that  initiated  the  expansion  of  the 
visible  Universe,  or  one  that  arose  as  a 
consequence  of  interactions  between  gal- 
axies in  the  better-behaved  present  Uni- 
verse. 

F.  Schweizer  describes  observational 
and  theoretical  evidence  supporting  the 
view  that  elliptical  galaxies  are  the  result 
of  collisions  and  mergers  of  disk  galaxies. 
He  suggests  that  typical  ellipticals  may 
contain  the  remnants  of  from  four  to  ten 
disk  galaxies  that  have  accumulated  since 
galaxy  formation  began.  The  evidence 
consists  of  cases  where  the  merger  is  so 
recent  that  obvious  remnants  of  the  two 
colliding  disk  systems  are  still  visible,  as 
well  as  the  more  frequent  but  subtle  "rip- 
ples" that  Toomre  at  MIT  has  recently 
shown  to  be  the  expected  consequence 
of  collision  between  a  disk  galaxy  and  a 
preexisting  larger  elliptical  galaxy.  In  a 
separate  but  related  report,  Schweizer, 
Rubin,  and  Whitmore  describe  obser- 
vations of  peculiar  spindle  galaxies — disk 
galaxies  that  exhibit  rings  of  luminous 
material  at  nearly  right  angles  to  the  plane 
of  the  disk.  Schweizer,  Rubin,  and  Whit- 
more's  preferred  explanation  is  that  the 
rings  are  again  a  result  of  collision  and 
merger  of  galaxies.  They  propose  that  a 
small  gas-rich  galaxy,  upon  encountering 
a  larger  disk  galaxy,  has  been  gravita- 
tionally captured  and  disrupted  into  a 
near-polar  orbit.  Theoretical  calculations 
by  G.  F.  Simonson  at  Yale  have  shown 
that  these  nearly  perpendicular,  capture 
orbits  are  unusually  stable,  and  hence 
will  be  more  frequently  observed. 

Three  other  pieces  of  work  bearing  on 
the  nature  of  spiral  and  elliptical  galaxies 
and  their  relationship  to  one  another  are 
included  in  this  year's  Report. 

Thonnard,  working  with  C.  K.  Kumar 
of  Howard  University,  has  carried  out  a 
radioastronomical  search  for  neutral  hy- 
drogen in  thirteen  elliptical  galaxies  and 
disk  galaxies  lacking  spiral  arms  (SO).  In 
all  but  a  few  cases,  detectable  gas  is  ab- 
sent from  galaxies  of  these  types — a 
striking  and  puzzling  phenomenon.  The 
frequency  of  type  I  supernovae  in  these 
galaxies  has  recently  been  interpreted  as 
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an  indication  of  the  presence  of  young 
stars,  which  require  interstellar  hydro- 
gen for  formation.  Although  these  new 
measurements  are  significantly  more 
sensitive  than  those  made  by  previous 
workers,  no  neutral  hydrogen  was  found 
in  any  of  the  galaxies,  regardless  of 
whether  or  not  supernovae  have  been  ob- 
served in  them.  These  results  are  diffi- 
cult to  reconcile  with  current  opinion  as 
to  the  age  of  most  type  I  supernovae  and 
gas  production  by  evolved,  low-mass 
stars. 

The  central  bulge  of  a  spiral  galaxy 
resembles,  at  least  superficially,  an  el- 
liptical galaxy.  This  suggests  that,  like 
an  elliptical  galaxy,  the  central  bulge  of 
a  spiral  is  not  systematically  rotating  but 
is  supported  against  gravitational  col- 
lapse by  the  random  motion  of  the  stars 
composing  the  bulge.  Whitmore,  Rubin, 
and  Ford  describe  the  first  results  of  a 
continuing  investigation  into  the  motion 
of  a  galaxy's  stars,  as  distinct  from  its 
gas.  (The  emission  lines  of  galactic  gas 
have  been  used  in  previous  measure- 
ments of  galactic  rotation.)  By  use  of  new 
digital  and  Fourier  techniques,  it  is  now 
possible  to  measure  the  absorption  lines 
and  thereby  the  stellar  motion  as  well. 
These  early  results  confirm  the  expec- 
tation that  rotational  velocities  in  the 
bulge  are  lower  than  those  in  the  disk. 
Furthermore,  the  Doppler  broadening  of 
the  absorption  lines  shows  that  the  ran- 


dom velocities  of  the  stars  are  high  in  the 
central  bulge. 

The  origin  of  the  spiral  structure  that 
gives  spiral  galaxies  their  name  is  still 
poorly  understood.  One  popular  view  is 
that  the  spiral  structure  is  a  consequence 
of  density  waves — standing  waves 
through  which  the  material  of  the  density 
passes  as  the  galaxy  rotates.  These  waves 
require  a  mechanism  to  excite  them  con- 
tinually, for  otherwise  wave  lifetimes 
would  be  short  compared  to  the  age  of 
the  galaxy.  However,  some  spiral  gal- 
axies give  no  evidence  of  a  suitable  source 
of  excitation,  such  as  gravitational  ef- 
fects of  a  recent  close  encounter  with  a 
neighboring  galaxy  or  continuous  gen- 
eration of  density  waves  by  a  bar  in  the 
disk  of  the  galaxy. 

F.  SchweizerandJ.  A.  Hackwellofthe 
University  of  Wyoming  report  infrared 
measurements  on  one  such  spiral  galaxy. 
They  find  at  visible  wavelengths  no  ev- 
idence for  a  source  capable  of  exciting 
spiral  density  waves.  In  the  infrared, 
however,  they  observe  a  prominent  bar, 
probably  indicating  the  presence  of  a  bar 
in  the  stellar  component  of  the  galaxy's 
mass.  If  other  galaxies  lacking  an  ap- 
parent excitation  source  also  prove  to 
possess  infrared  bars,  this  discovery  will 
represent  an  important  advance  in  the 
general  problem  of  understanding  the  or- 
igin of  spiral  structure. 

George  W.  Wetherill 
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Beryllium-10  as  a  Geochemical 
and  Geophysical  Probe 

Louis  Brown,  Jeffrey  Klein,*  Roy  Middleton,* 

Milan  J.  Pavich,f  I.  Selwyn  Sacks, 

and  Fouad  Tera 

Two  years  ago  we  reported  here  the 
initiation  of  a  new  field  of  investigation 

*Tandem  Laboratory,   University  of  Pennsyl- 
vania, Philadelphia. 

tU.S.  Geological  Survey,  Reston,  Virginia. 


wherein  we  proposed  to  exploit  certain 
properties  of  the  cosmogenic  isotope  10Be 
in  studying  the  question  of  the  origin  of 
the  magmas  of  island-arc  volcanoes.  This 
isotope  is  made,  in  so  far  as  the  Earth  is 
concerned,  almost  entirely  at  the  top  of 
the  atmosphere  by  spallation  reactions  of 
cosmic  rays,  and  it  descends  to  the  Earth's 
surface  primarily  in  rain.  At  the  time  we 
began  our  study,  it  was  known  that  10Be 
formed  a  thin,  concentrated  layer  at  the 
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bottom  of  the  oceans;  we  now  know,  as 
a  result  of  our  own  studies,  that  it  also 
forms  a  thin  but  generally  less  concen- 
trated layer  in  the  soils  of  the  continents. 
The  layer  at  the  bottom  of  the  deep  oceans 
was  the  early  focus  of  our  studies,  in  that 
we  hoped  to  observe  the  isotope  in  the 
lavas  of  island-arc  volcanoes,  which  would 
indicate  directly  that  these  volcanoes  were 
ejecting  material  that  had  once  been  on 
the  ocean  floor  and  had  been  subducted. 
This  has  been  attained.  In  addition,  our 
early  investigations  with  the  layer  in  soil 
opened  a  field  of  research  unsuspected 
even  a  year  ago,  one  which  has  been  found 
to  link  in  a  most  helpful  way  with  studies 
of  continental  sediments,  which  we  had 
undertaken  in  order  to  master  tech- 
niques of  accelerator  mass  spectrometry 
on  samples  less  difficult  than  the  lavas. 
Such  has  been  the  fast-moving  develop- 
ment of  this  study  during  the  past  year. 
With  the  original  goal  now  well  in  hand, 
the  method  is  leading  in  a  most  natural 
way  to  new  and  potentially  valuable 
studies. 

Beryllium-10  in  the  Magma  of  Islayid- 
Arc  Volcanoes 

A  problem  of  fundamental  importance 
in  plate  tectonics,  one  that  leads  to  the 
question  of  the  origin  of  the  continents, 
is  the  extent  to  which  material  subducted 
with  the  lithospheric  plates  at  the  trenches 
along  island-arc  volcanoes  reappears  in 
the  volcanic  lavas.  The  mechanisms  of 
these  volcanoes  have  been  studied  for 
many  years  by  volcanologists,  penolo- 
gists, seismologists,  and  geochemists 
without  agreement  on  many  important 
matters,  in  particular  on  the  origin  of  the 
magmas  (Arculus  and  Johnson,  1981). 
Geochemical  evidence,  though  exten- 
sive, has  not  yet  yielded  compelling  ex- 
planations of  the  magma-forming  process. 
As  we  have  indicated  in  the  last  two  Year 
Books,  10Be  provides  a  new  way  of  in- 
vestigating this  problem  because  the  thin 
layer  of  ooze  covering  the  oceanic  plate 
has  an  even  thinner  layer  of  10Be,  and  all 
indications  are  that  this  layer  is  carried 
down. 


Last  year  we  reported  two  measure- 
ments of  the  concentration  of  10Be  in  la- 
vas, one  from  Usu,  a  Japanese  island-arc 
volcano,  the  other  from  Kilauea,  the  well- 
known  Hawaiian  hot-spot  volcano.  The 
measurements,  which  were  at  the  limit 
of  our  equipment's  capabilities,  showed 
no  significant  difference  between  the  two 
samples.  This  was  a  disappointment,  be- 
cause it  is  more  fun  to  measure  an  effect 
than  a  null  result,  even  if  the  latter  is  of 
significance.  The  10Be  concentration  in 
Usu  was  so  much  smaller  than  the  max- 
imum that  one  might  expect,  however, 
that  it  was  clear  that  we  could  do  a  very 
useful  null  experiment.  These  data  were 
so  difficult  to  obtain  that  we  decided  not 
to  attempt  any  further  lava  measure- 
ments until  trying  a  new  ion  source  in 
hope  of  greater  yield.  The  new  source 
quickly  proved  to  emit  up  to  twenty  times 
more  than  the  old  source  but  unfortu- 
nately gave  a  10B  background  current  un- 
acceptable for  the  volcanic  work,  a  defect 
which  has  now  been  largely  overcome. 

When  the  new  equipment  was  finally 
used  on  a  number  of  volcanic  samples, 
the  results,  given  in  Table  1,  were  com- 
pletely unanticipated.  Usu  and  Kilauea 
were  remeasured  and  the  new  measure- 
ments found  to  be  smaller  than  the  old 
because  background  could  be  treated  more 
reliably,  owing  to  a  much  larger  number 
of  counts.  Usu,  however,  still  proved  in- 
distinguishable from  Kilauea.  To  our  sur- 
prise, thirteen  different  flows  from  four 
other  volcanoes,  two  from  Central  Amer- 
ica and  two  from  the  Aleutians,  all  showed 
concentrations  ranging  from  2.7  to  6.9  x 
106  atoms/g,  values  greatly  exceeding 
values  both  for  Kilauea  and  for  two  flows 
of  the  non-island-arc  volcano  St.  George 
of  the  Pribilof  Islands.  The  puzzle  of  Usu 
may  lie  in  its  location  not  in  the  well- 
defined  front  rank  of  Japanese  volcanoes 
but  about  70  km  behind.  It  seems  en- 
tirely reasonable  that  the  front  rank  may 
draw  off  the  top  layers  of  sediment  con- 
taining the  10Be.  One  other  rear-rank 
volcano  for  which  a  lava  sample  has  been 
analyzed,  Ta-Tung  on  Taiwan,  also  shows 
very  little  10Be. 
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TABLE  1.     Measurements  of  10Be  Concentration  in  Various  Lavas 


Sample 

Rock 

10Be 

Volcano 

Designation 

Source 

Class 

(106  atoms/g) 

Island-arc  volcanoes 

Cerro  Negro,  Nicaragua 

CN-I 

A.  Rubin 

andesite 

6.8 

Cerro  Negro,  Nicaragua 

CN-II 

A.  Rubin 

basalt 

6.1 

*Santa  Maria,  Guatemala 

ash 

A.  Rubin 

ash 

3.3 

*Santa  Maria,  Guatemala 

rock 

A.  Rubin 

andesite 

2.9 

Atka,  Aleutian  Islands 

AT-4 

B.  D.  Marsh 

basalt 

4.2 

Atka,  Aleutian  Islands 

AT-87 

B.  D.  Marsh 

basalt 

3.6 

Atka,  Aleutian  Islands 

AT- 112 

B.  D.  Marsh 

basalt 

3.4 

Atka,  Aleutian  Islands 

AT- 129 

B.  D.  Marsh 

basalt 

2.7 

Atka,  Aleutian  Islands 

AT- 130 

B.  D.  Marsh 

basalt 

4.6 

Cold  Bay,  Aleutian  Islands 

CB-3 

B.  D.  Marsh 

andesite 

6.9 

Cold  Bay,  Aleutian  Islands 

CB-7 

B.  D.  Marsh 

andesite 

5.7 

Cold  Bay,  Aleutian  Islands 

CB-8 

B.  D.  Marsh 

andesite 

3.2 

Cold  Bay,  Aleutian  Islands 

CB-13 

B.  D.  Marsh 

andesite 

4.5 

*Usu,  Japan 

H.  Okada 

andesite 

-0.1 

Ta-Tung,  Taiwain 

E-201 

W.  J.  Cheng 

andesite 

0.3 

Non-island-arc  volcanoes 

and  flood  basalts 

St.  George,  Pribilof  Islands 

SG-7 

B.  D.  Marsh 

basalt 

-0.1 

St.  George,  Pribilof  Islands 

SG-11 

B.  D.  Marsh 

basalt 

0.3 

Kilauea,  Hawaii 

HHP-66-1 

J.  Philpotts 

tholeiite 

-0.1 

Columbia  Plateau  flood 

ORGR  N2-3 

R.  Carlson 

basalt 

1.0 

Processing  blanks 

LB-157 
LB-179 

-0.1 
-0.1 

*  Designates  a  sample  obtained  immediately  after  eruption.  All  samples  are  from  flows  that  are  recent 
compared  with  the  lifetime  of  10Be.  Analytical  accuracy  for  data  with  concentrations  greater  than  106 
atoms/g  is  15%.  For  others  it  is  of  the  order  of  105  atoms/g. 


Early  fears  of  the  danger  of  contami- 
nation either  directly  or  indirectly  through 
rain  do  not  seem  to  have  been  borne  out. 
Our  measurements  of  ground  water  show 
10Be  to  be  present  at  levels  at  least  100 
times  below  what  is  observed  in  rain,  and 
our  investigations  of  soils  have  shown  that 
soils  are  very  efficient  in  removing  the 
isotope.  An  accurate  measurement  of  10Be 
in  ground  water  may  prove  to  be  diffi- 
cult. Contamination  of  the  magma  by 
crustal  material — that  universal  prob- 
lem in  geochemistry — can  be  ruled  out 
except  perhaps  by  soil.  The  uniformity 
of  the  Central  American  and  Aleutian  data 
speaks  against  this,  and  it  does  not  seem 
likely  that  the  hundreds  of  thousands  of 
years  of  undisturbed  weathering  neces- 
sary to  build  up  soil  with  concentrations 
of  the  order  of  108  atoms/g  would  be  pos- 
sible around  such  turbulent  locations.  One 
source  of  10Be,  although  not  thought  to 


be  sufficiently  large  to  compete  with  the 
subducted  material,  is  its  production  by 
the  alpha  particles  of  U  and  Th  through 
the  reaction  7Li(a,p)10Be.  Normally,  Li, 
U,  and  Th  crystallize  in  different  mineral 
phases  and  are  thereby  kept  from  inter- 
acting by  the  10-|jim  effective  range.  It 
is  not  easy  to  estimate  the  U  and  Th 
alpha-particle  contribution  either  exper- 
imentally or  theoretically,  and  over  the 
long  run  the  best  course  will  be  to  ana- 
lyze many  samples.  One  indication,  how- 
ever, may  be  in  Columbia  Plateau  flood 
basalt  data,  which  showed  1  x  106  at- 
oms/g, the  highest  concentration  ob- 
served in  any  of  the  non-island-arc 
samples.  This  rock  is  14  x  106  y  old  and 
cannot  have  any  10Be  that  was  intro- 
duced at  the  time  of  its  cooling.  It  is  very 
fine  grained  and  contains  a  large  amount 
of  glass,  which  would  allow  the  Li,  U, 
and  Th  to  be  homogeneously  mixed. 
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These  results  are  of  a  completely  new 
kind  and  were  obtained  using  a  new  and 
radical  technique.  We  have  taken  every 
precaution  and  feel  confident  of  our  data. 
Nevertheless,  under  the  circumstances 
we  must  be  particularly  alert  in  coming 
months  for  sources  of  error  that  may  have 
eluded  us  so  far.  Despite  our  reserva- 
tions about  the  source  of  10Be  in  the  is- 
land-arc samples,  it  is  useful  to  see  what 
such  concentrations  imply  assuming  that 
they  result  exclusively  from  the  sub- 
ducted material.  The  surface  density  of 
the  isotope  in  the  ooze  when  it  reaches 
the  trench  is  q/\,  where  q  is  the  precip- 
itation rate  and  \  the  decay  rate;  this 
assumes  that  radioactive  decay  and  pre- 
cipitation are  in  equilibrium.  If  this  two- 
dimensional  distribution  descends  as  a 
sheet  along  or  near  the  plate  boundary 
and  travels  with  a  plate  velocity  v  along 
a  trajectory  of  length  €,  then  the  surface 
density  at  the  roots  of  the  volcanoes  will 
be  qk'1  exp(-kt/v).  The  maximum  rate 
at  which  atoms  of  the  isotope  could  be 
furnished  to  the  roots  of  the  chain  over 
a  front  width  W  is  qvW\'lexp(  -  \€/v).  If 
the  average  rate  of  mass  ejected  by  the 
chain  is  V,  then  the  maximum  possible 
concentration  of  atoms  from  this  source 
is 

qvW 
t,  =  ^—rexpi-xe/v). 
XpV 

Considering  the  Aleutians,  W  =  2.1  x 
108  cm  and  V  lies  between  7  and  30  x 
1012  cm3/y  (Marsh,  1979).  The  values  of 
v  and  €  are  tabulated:  7.26  cm/y  and  2.22 
x  107  cm  for  Atka,  and  6.72  cm/y  and 
2. 18  x  107  cm  for  Cold  Bay  (Jacob  et  al. , 
1976).  The  precipitation  constant  q  prob- 
ably lies  between  1  and  3  x  106  atoms 
cm"2  y"1.  Taking  intermediate  values  for 
the  poorly  known  quantities  gives  max- 
imum possible  concentrations  of  2.2  x 
108  atoms/g  for  Atka  and  1.8  x  108  at- 
oms/g  for  Cold  Bay.  The  average  mea- 
surements for  these  two  volcanoes  are 
1.7%  and  2.8%,  respectively,  of  the  cal- 
culated values,  the  latter  quantities  hav- 
ing large  uncertainties.  Data  are  not  at 


hand  for  V  of  the  Central  American  vol- 
canoes, but  the  similarity  of  the  results 
indicates  the  same  magnitude  of  values. 
Although  recent  chemical  and  isotopic 
studies  suggest  that  sedimentary  mate- 
rial is  included  in  the  lavas  of  the  Aleu- 
tian arc  volcanoes  (Kay  et  al.,  1978; 
McCulloch  and  Perfit,  1981;  McLennan 
and  Taylor,  1981),  the  results  of  the  pres- 
ent work  provide  by  far  the  most  direct 
evidence  in  support  of  this  hypothesis. 
The  presence  of  10Be  requires  the  inclu- 
sion of  material  that  was  once  on  the  sur- 
face. Our  conclusions  are  independent  of 
assumptions  as  to  the  composition  or  uni- 
formity of  composition  of  the  mantle,  as- 
thenosphere,  crust,  or  pelagic  ooze.  The 
scatter  of  the  Aleutian  and  Central 
American  samples  seems  to  us  surpris- 
ingly small.  It  will  be  of  interest  to  learn 
whether  this  consistency  holds  for  a  wider 
variety  of  front-rank  volcanoes  and 
whether  those  in  the  rear  rank  always 
lose  their  10Be. 

Beryllium- 10  in  Rain,  Soils,  and 
Sediments 

The  10Be  that  descends  upon  the  oceans 
soon  settles  into  the  deep-ocean  sedi- 
ments, the  first  terrestrial  location  where 
it  was  found.  Its  distribution  there,  stud- 
ied over  the  past  25  years  by  investiga- 
tors using  radioactive  counting 
techniques,  appears  to  have  a  fairly  uni- 
form concentration  superimposed  by  lo- 
cal variations.  Its  distribution  over  the 
continents,  however,  was  unknown  at  the 
time  we  began  our  investigations.  Al- 
though our  measurements  are  still  at  a 
rudimentary  stage,  we  are  beginning  to 
find  some  overall  simplicities  in  the 
transport  of  the  isotope.  These  patterns 
give  hope  that  we  will  some  day  under- 
stand the  isotope's  distribution  and  its 
use  in  studying  soil  genesis,  erosion,  and 
natural  phenomena  in  kinds  of  investi- 
gations now  unsuspected  or  only  imper- 
fectly perceived. 

As  best  we  now  know,  10Be  is  incident 
onto  the  Earth  primarily  through  rain, 
although  there  is  very  little  information 
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on  how  much  is  brought  down  through 
aerosols.  It  is  obvious  that  extensive 
measurements  of  the  isotope  in  rain  are 
required.  We  have  therefore  initiated  a 
cooperative  effort  with  the  Illinois  State 
Water  Survey,  which  manages  the  Na- 
tional Rain  Monitoring  Network.  We  have 
two  immediate  goals:  to  determine  bet- 
ter the  precipitation  constant,  q,  re- 
ferred to  earlier,  and  to  determine 
whether  10Be,  which  is  formed  in  the  up- 
per regions  of  the  atmosphere,  is  a  useful 
probe  for  studying  atmospheric  mixing. 
Initially,  the  latter  will  be  our  goal  in 
determining  the  concentration  of  the  iso- 
tope in  rain  samples  collected  from  storms 
in  Illinois  for  which  sets  of  meteorological 
data  are  at  hand.  We  have  analyzed  sam- 
ples from  five  storms  and  found  concen- 
trations varying  from  7.0  to  15.8  x  10(i 
atoms/liter.  This  work  is  too  preliminary 
to  discuss  further. 

The  soil  is  obviously  the  next  recipient 
of  10Be.  Our  first  studies  showed  that  it 
is  held  tenaciously  by  various  soil  com- 
ponents. Next  to  island-arc  volcanism, 
soils  were  the  most  intensely  studied 
subject  during  the  past  year,  one  that 
has  presented  us  with  a  surprise  or  two. 
The  most  important  problem  for  the  soil 
geologist  is  to  understand  how  soils  evolve 
by  weathering  out  of  parent  material, 
bedrock,  or  sediments.  Much  as  strata  in 
geology  can  be  ordered  chronologically 
without  actually  knowing  their  ages,  so 
too  can  soils  be  ordered  according  to  cer- 
tain indications  of  their  state  of  evolu- 
tion. Quantitative  information  concerning 
the  age  of  a  soil  or  its  age  relative  to 
neighboring  soils  has  been  very  difficult 
to  attain.  Many  soils  have  histories  that 
are  too  complicated  to  be  characterized 
by  a  simple  age,  but  soils  of  humid  re- 
gions with  clay-rich  horizons  of  accu- 
mulation may  have  relatively  simple 
histories  that  can  be  evaluated  in  part  by 
studying  the  process  of  10Be  accumula- 
tion. 

We  have  measured  during  the  past  year 
the  10Be  concentrations  in  85  soils  and 
sediments.  Figure  1  shows  the  locations 
where  soil  samples  were  obtained  for  our 


Fig.  1.  A  map  of  the  Chesapeake  Bay  region 
showing  the  locations  of  sites  where  soils  and  sed- 
iments have  been  obtained.  Soil  sites  are  shown  as 
black  dots,  each  of  which  had  from  four  to  eleven 
samples  taken  from  various  horizons.  The  locations 
of  sediment  samples  from  the  Chesapeake  Bay  are 
shown  with  crosses.  All  locations  carry  the  sample 
designation  of  the  donor. 


analysis.  All  are  from  the  region  around 
the  Chesapeake  Bay.  We  also  analyzed 
estuarine  sediment  samples  from  a  tran- 
sect of  the  Bay,  the  locations  of  which 
are  also  shown  in  Fig.  1.  Our  first  dis- 
covery was  that  the  10Be  was  distributed 
more  or  less  uniformly  in  the  first  few 
meters  of  the  soil.  Second,  there  were 
sizable  differences  in  concentration  from 
one  location  to  another,  and  for  three  ter- 
races along  the  Rappahannock  River, 
which  had  been  assigned  ages  through 
traditional  methods,  the  concentration 
increased  with  age,  quantitatively  if  one 
allows  for  migration  deeper  into  the  soil 
and  radioactive  decay.  These  findings, 
interesting  as  they  are,  suffer  from  not 
having  been  extended  deep  enough  to  de- 
termine where  the  concentration  of  the 
isotope  becomes  negligible.  Neverthe- 
less, they  strongly  suggest  that  the  con- 
centration measured  not  per  unit  mass 
but  per  unit  surface  area  may  be  a  sat- 
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isfactory,  perhaps  even  a  moderately  ac- 
curate, indicator  of  soil  age. 

Present  evidence  indicates  that  the 
primary  mechanism  for  transport  of  10Be 
once  landed  is  in  particles  through  soil 
erosion.  In  the  few  cases  where  this  pro- 
cess has  been  measured,  rivers  are  found 
to  carry  the  element  Be  predominantly 
in  their  sediment  loads,  not  in  solution. 
If  this  holds  strictly  for  10Be,  a  matter 
that  will  receive  more  attention  in  the 
near  future,  then  the  overall  picture  of 
10Be  residence  and  transport  on  the 
Earth's  continents  is  one  of  immediate 
capture  by  soil  from  rain  followed  by  ero- 
sion or  migration  to  greater  depths.  With 
this  picture  in  mind,  we  have  made  a 
rather  extensive  investigation  of  10Be 
concentrations  in  a  number  of  continental 
margins  in  order  to  examine  worldwide 
the  balance  of  10Be  in  the  sediment  loads 
of  the  rivers  and  its  precipitation  on  the 
watersheds.  On  a  smaller  scale  we  have 
measured  10Be  concentrations  in  fifteen 
samples  from  the  ocean  off  southern  Cal- 
ifornia, the  locations  of  which  are  shown 
in  Fig.  2.  Originally  it  was  thought  that 


this  region,  noted  for  its  pronounced  bas- 
ins, might  disclose  some  aspect  of  10Be 
resulting  from  these  basins.  What  we 
found  is  simpler  and  has  essentially  no 
relationship  to  the  basin  structure. 

We  have  modeled  the  distribution  of 
10Be,  assuming  that  each  location  re- 
ceives the  isotope  through  a  mixture  of 
the  sediment  load  carried  from  the  con- 
tinent and  of  the  deep-sea  component 
carried  by  the  California  Current.  The 
results  of  these  calculations  depend  on 
other  data  for  the  total  sedimentation  rate, 
where  measurements  are  less  accurate 
than  those  for  10Be  concentrations.  The 
two-component  model  predicts  the  av- 
erage concentration  of  10Be  in  the  soil 
eroded  from  the  adjoining  portion  of 
southern  California.  Comparisons  of  ac- 
tual with  predicted  concentrations  afford 
a  test  of  hypotheses  relating  concentra- 
tions in  continental  margins  and  estu- 
aries. A  representative  suite  of  samples 
has  now  been  obtained  for  this  test. 

In  future  work,  we  hope  to  learn  more 
about  the  partition  and  transport  of  10Be 
by  examining  its  inventories  in  soils,  its 
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Fig.  2.  A  map  of  the  ocean  off  southern  California  showing  the  locations  with  crosses  where  sediments 
have  been  obtained.  At  each  location,  the  University  of  Southern  California  sample  designation  is  given 
in  the  upper  left,  the  water  depth  in  meters  in  the  lower  right,  and  the  "'Be  concentrations  in  10';  atoms/ 
g  in  the  lower  left.  The  contours  give  the  total  sedimentation  rate  in  mg  cm"2  yr"1. 
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movement  by  erosion,  and  its  final  dep- 
osition in  estuaries  and  on  continental 
margins — and  to  watch  for  surprises. 
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ated  mineralization,  and  its  spectacular 
fauna  has  led  to  a  new  frontier  in  the 
earth  sciences.  Numerical  modeling  based 
on  heat-flow  data  suggests  that  the  en- 
tire volume  of  the  Earth's  seawater  could 
circulate  through  the  high-temperature 
intrusive  zone  in  the  ridge  axes  every  8- 
10  m.y.  (Wolery  and  Sleep,  1976).  Ex- 
perimental work  on  basalt-seawater  in- 
teraction at  elevated  temperatures  and 
seafloor  pressures  showed  that  drastic 
changes  occur  in  the  composition  of  the 
solutions  during  the  reactions  (e.g.,  Bis- 
choff  and  Dickson,  1974).  From  the  de- 
tection of  excess  3He  (Lupton  et  at.,  1980) 
and  the  above  geophysical  and  geological 
evidence,  scientists  are  now  aware  of  the 
importance  of  submarine  hydrothermal 
systems  in  controlling  the  composition  of 
seawater,  the  flux  of  elements,  and  the 
chemistry  of  the  marine  system  in  gen- 
eral. 

Direct  observation  and  sampling  of  ac- 
tive hydrothermal  systems  under  the  deep 
sea  is  difficult  and  expensive.  However, 
through  plate  tectonic  processes,  slabs  of 
oceanic  crust  are  occasionally  emplaced 
onto  the  continental  crust  where  they  are 
readily  accessible  for  study.  One  such  oc- 
currence of  uplifted  seafloor  is  the  Fran- 
ciscan Assemblage  of  California.  In  the 
Franciscan,  Mn  deposits  are  commonly 
enclosed  in  bedded  radiolarian  cherts  that 
overlie  altered  basalts.  Previous  work 
(Crerar  et  al.,  1982)  has  shown  that  these 
deposits  are  hydrothermal  in  origin  and 
could  have  formed  near  an  ancient  mid- 
ocean  ridge  or  within  a  back-arc  basin 
similar  to  the  present-day  hydrothermal 
mounds  near  the  Galapagos  Ridge.  The 
Blue  Jay  Mine,  located  in  Trinity  County, 
was  one  of  the  most  prosperous  Mn  mines 
discovered  in  California  during  World  War 
II.  The  section  exposed  in  the  mine  is 
overturned  and  contains  three  Mn  lenses 
enclosed  in  bedded  chert.  The  Rb-Sr  and 
Nd  isotopic  study  of  the  hydrothermal 
system  exposed  in  the  Blue  Jay  Mine  dis- 
cussed here  was  undertaken  to  give  some 
insight  into  the  chemical  and  physical 
processes  involved  in  hydrothermal  deep- 
sea  systems. 
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Rb-Sr  and  Nd  Data  and  Discussion 

Altered  basalts  exposed  in  the  basal 
sections  of  the  Blue  Jay  Mine  are  alkalic 
in  character  and  hence  chemically  dissim- 
ilar to  mid-ocean  basalts  (MORB).  How- 
ever, this  does  not  rule  out  the  possibility 
that  exposed  basalts  were  formed  at  an 
oceanic  spreading  ridge,  as  discussed  by 
Crerar  et  al.,  1982.  These  basalts  have 
high  REE  contents  (Nd  ~  30  ppm),  are 
enriched  in  the  light  over  heavy  REE, 
plot  in  the  alkalic  field  on  a  Ti-Zr-Y  dia- 
gram, but  have  initial  Nd  isotopic  com- 
positions (eNd(70  =  +8.4  to  +8.9)  (Table 
2),  the  range  expected  for  Jurassic  MORB. 
Initial  Sr  isotopic  compositions  for  these 
basalts  (87Sr/86Sr  =  0.70385-0.70445)  are 
somewhat  higher  than  expected  from  their 
Nd  isotopic  compositions,  indicative  of  Sr 
exchange  between  basalt  and  seawater 
during  alteration. 


Rb-Sr  data  for  ten  of  eleven  chert  sam- 
ples define  a  line  (R  =  0.98)  on  an  Rb- 
Sr  isochron  diagram  (Fig.  3)  correspond- 
ing to  an  age  of  158  m.y.  This  apparent 
age  is  in  good  agreement  with  estimated 
fossil  ages  of  the  cherts  (see  Crerar  et 
al.,  1982;  van  Hinte,  1976;  Pessagno, 
1977).  The  initial  87Sr/86Sr  given  by  the 
line  is  0.7067,  close  to  the  Sr  isotopic 
composition  of  Jurassic  seawater  (Peter- 
man  et  al.,  1970),  implying  that  the  Sr 
in  the  chert  is  dominated  by  seawater  Sr 
rather  than  by  a  detrital  component. 
Taken  together,  all  of  the  chert  data  show 
a  wide  range  in  initial  87Sr/86Sr  values 
(Fig.  4),  indicating  that  the  Rb-Sr  sys- 
tem in  the  cherts  has  not  remained  com- 
pletely closed  during  the  diagenesis, 
hydrothermal  pulses,  and  tectonism  that 
occurred  after  their  deposition. 

Age-corrected  87Sr/86Sr  values  for  five 
Mn  ores  range  from  0.70576  to  0.70644, 


TABLE  2.     Rb-Sr,  Sm-Nd  Data  of  the  Blue  Jay  Mine 


Sample* 

Rbt 

Sr 

Rb/Sr 

87Sr/86Srt 

87Sr/86Sr§ 

Sm 

Nd 

Sm/Nd 

143Nd/144Ndt 

*m(T)* 

BJ1(B) 

5.6 

112 

0.050 

0.70457  ±4 

0.70425 

7.9 

32 

0.247 

0.512975  ±22 

8.9  ±4 

BJ2(C) 

11.8 

23.3 

0.506 

0.71077  ±4 

0.70748 

BJ3(C) 

15.6 

14.7 

1.06 

0.71396  +  15 

0.70707 

2.6 

13 

0.200 

BJ4(C) 

27.5 

15.0 

1.83 

0.71650  ±36 

0.70460 

3.2 

14 

0.229 

0.512337  ±14 

-3.4±3 

BJ5(C) 

36.8 

18.2 

2.02 

0.71918  ±4 

0.70605 

BJ6(0) 

2.0 

192 

0.010 

0.70618  ±5 

0.70611 

0.7 

3.9 

0.179 

BJ7(0) 

0.9 

124 

0.007 

0.70576  ±4 

0.70571 

BJ8(C) 

2.0 

131 

0.015 

0.70603  ±4 

0.70593 

0.3 

1.3 

0.254 

BJ9(0) 

0.7 

12.3 

0.057 

0.70620  ±6 

0.70583 

4.7 

21 

0.224 

0.512341  ±  13 

-3.2±3 

BJ10(O) 

0.04 

25.6 

0.002 

0.70645  ±4 

0.70644 

4.0 

22 

0.182 

0.512341  ±23 

-2.7±4 

BJll(O) 

0.4 

14.6 

0.027 

0.70597  ±5 

0.70579 

0.512363  ±23 

BJ12(C) 

13.9 

11.7 

1.19 

0.71445  ±11 

0.70674 

BJ13(C) 

16.0 

7.2 

2.22 

0.72038  ±4 

0.70595 

0.6 

4.1 

0.146 

BJ14(C) 

31.6 

11.9 

2.66 

0.72413  ±13 

0.70689 

0.512346  ±14 

BJ15(C) 

55.8 

12.1 

4.61 

0.72913  ±7 

0.69919 

1.5 

5.7 

0.263 

0.512394  ±23 

-2.7±5 

BJ16(0) 

1.7 

143 

0.012 

0.70601  ±6 

0.70593 

BJ17(0) 

3.0 

198 

0.015 

0.70625  ±5 

0.70615 

1.8 

11 

0.164 

BJ18(C) 

9.5 

20.9 

0.455 

0.71116±8 

0.70821 

BJ19(C) 

36.6 

29.0 

1.24 

0.71605  ±9 

0.70786 

4.2 

18 

0.233 

BJ21(B) 

7.3 

123 

0.059 

0.70456  ±4 

0.70417 

0.513003  ±26 

BJ24(B) 

14.8 

120 

0.123 

0.70476  ±4 

0.70395 

6.9 

26 

0.265 

0.512962  ±21 

8.4  ±4 

BJ25(B) 

11.5 

81 

0.142 

0.70547  ±5 

0.70455 

0.512939  ±21 

BJ27(B) 

14.9 

104 

0.143 

0.70478  ±6 

0.70385 

*Samp 

es  1-19  are  listed  in  st 

ratigraphic  order  from  bottom  tc 

top. 

B,  Basalt;  C,  Chert;  O, 

Mn  ore. 

tRb  and  Sr  concentrations  measured  by  isotope  dilution,  Sm  and  Nd  by  neutron  activation.  Concen- 
trations are  in  ppm. 

$  Measured  ratios,  fractionation  corrected  to  ^Sr/^Sr  =  0.1194,  reported  relative  to  a  value  of  87Sr/ 
86Sr  =  0.7080  for  the  E  +  A  Sr  standard.  Nd  isotopic  values,  fractionation  corrected  to  146Nd/144Nd  = 
0.7219,  reported  relative  to  143Nd/144Nd  =  0.511860  for  the  La  Jolla  Nd  standard.  Errors  represent  two- 
sigma  mean  and  correspond  to  last  digits. 

§Age  corrected  for  158  m.y.,  XRb  =  1.42  x  10" n  yr"1,  XSm  =  6.54  x  10" 12  yr"1. 
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slightly  lower  than  those  found  in  most 
of  the  cherts  and  in  Jurassic  seawater. 
This  suggests  that  a  significant  amount 
of  Sr  leached  from  the  underlying  basalts 
was  added  to  the  Mn  ores  during  their 
formation. 

143Nd/144Nd  in  three  Mn  ores  and  three 
cherts  cluster  tightly  around  0.51235 
(eNd(D  =  -3.1).  ThelackofNdisotopic 
variation  between  the  cherts  and  Mn  ores 
indicates  that  Nd  (and  by  inference  the 
REE  in  general)  was  not  leached  from 
the  basalt  by  the  hydrothermal  system, 
unlike  the  case  for  Sr.  The  Nd  isotopic 
compositions  of  the  cherts  and  Mn  ores 
are  within  the  range  observed  for  Nd  in 
Pacific  Ocean  waters  (Piepgras  et  al., 
1979),  a  further  indication  of  the  limited 
importance  of  a  detrital  clay  or  basaltic 
component  in  the  pelagic  sediments. 
However,  Nd  concentrations  in  the  cherts 


Fig.  3.  Rb-Sr  isochron  diagram  for  cherts 
(boxes),  Mn  ores  (triangles),  and  basalts  (circles) 
from  the  Blue  Jay  Mine.  The  best-fit  line  through 
the  chert  data  corresponds  to  an  age  of  158  m.y. 
The  insert  shows,  in  expanded  scale,  data  for  Mn 
ores  and  basalts.  The  158-m.y.  isochron  included 
in  the  insert  is  shown  only  for  reference. 
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Fig.  4.     Histogram  of  Sr  isotopic  compositions 
for  samples  from  the  Blue  Jay  Mine. 


vary  from  1.5  to  18  ppm,  values  that  are 
quite  high  considering  that  the  Nd  con- 
centration in  seawater  is  only  2.8  x  10~9 
g/1.  If  the  high-Nd  contents  of  the  cherts 
and  Mn  ores  cannot  be  attributed  to  the 
presence  of  clays  in  the  siliceous  sedi- 
ments, then  the  Nd  in  these  cherts  must 
have  been  extracted  directly  from  sea- 
water. If  this  is  the  case,  the  relatively 
higher  Nd  contents  of  the  Mn  ores  com- 
pared to  the  cherts  may  indicate  that  the 
Mn  oxides  present  in  the  ores  are  quite 
efficient  in  extracting  Nd  from  the  pore 
waters.  By  analyzing  pelagic  cherts  and 
possibly  manganese  nodules  of  different 
ages,  it  may  be  possible  to  determine  the 
variation  of  143Nd/144Nd  in  seawater 
through  time.  Because  most  of  the  Nd  in 
seawater  is  derived  from  continental 
runoff,  determination  of  variations  in  the 
isotopic  composition  of  Nd  in  seawater 
through  time  can  then  be  used  to  provide 
insights  into  the  evolution  of  the  conti- 
nents. 
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The  Subduction  of  Young 

LlTHOSPHERE 

/.  S.  Sacks 

In  this  study  the  parameters  control- 
ling subduction  geometry  are  deter- 
mined. Old  (>80  m.y.)  ocean  floor  will 
always  sink  as  an  approximately  planar 
body.  Intermediate-age  (40-70  m.y.) 
ocean  floor  will  be  buoyant  if  the  ocean's 
crust  is  thicker  than  normal.  If  this  buoy- 
ant subducting  lithosphere  is  in  contact 
with  a  cool  (<600°C)  continental  lithos- 
phere, the  transformation  of  the  light 
basaltic  crust  to  denser  eclogite  will  be 
retarded  and  the  subducted  plate  will  un- 
derlie the  continent. 

The  subduction  geometry  is  deter- 
mined using  seismological  techniques,  the 
density  is  calculated  from  a  cooling  model 
and  bathymetry,  and  the  kinetics  of  the 
phase  transformation  are  derived  from 
laboratory  measurements  and  diffusion 
calculations. 

The  oceanic  lithosphere  and  crust, 
generated  at  mid-ocean  ridges,  moves 
laterally  (at  velocities  of  1-15  cm/y)  for 
considerable  distances.  In  many  regions 
this  oceanic  plate  then  subducts,  presum- 
ably due  to  interactions  with  an  adjacent 
plate.  The  path  of  this  plate  into  the  up- 
per mantle  is  usually  delineated  by  a  zone 
of  earthquakes  which  occur  in  the  upper 
part  of  the  plate.  The  seismicity  is  not 
necessarily  continuous  but  varies  widely 


in  adjacent  regions.  There  is  a  line  of 
volcanoes,  commonly  90-150  km  (occa- 
sionally up  to  300  km)  above  the  seismic 
plane. 

The  path  of  the  subducted  plate  is  gen- 
erally simple.  After  a  near-surface  initial 
bend  of  about  25-45  degrees,  the  plate 
sinks  at  this  same  angle  with  only  minor 
contortions.  (In  the  Marianas  region, 
however,  the  dip  increases  with  depth.) 

Anomalous  Regions 

Some  regions  do  not  follow  this  simple 
geometry.  Beneath  central  Peru  and  cen- 
tral Chile  in  South  America  and  beneath 
southwest  Honshu  in  Japan,  the  only  clear 
seismicity  delineating  the  subduction  is 
fairly  shallow.  The  large  thrust  events 
between  the  adjacent  lithospheres  are 
similar  to  those  in  "normal"  neighboring 
regions.  The  deeper  events,  which  are 
considered  to  occur  in  the  subducting  plate 
itself  and  have  tension  axes  usually  par- 
allel to  the  dip  of  the  plate,  are  sparse  or 
nonexistent.  In  central  Peru,  Barazangi 
and  I  sacks  (1979)  had  to  project  the 
seismicity  of  a  zone  over  1000  km  wide 
in  order  to  have  enough  events  to  indi- 
cate a  trend.  In  southwest  Honshu,  the 
seismic  plane  can  be  traced  to  a  depth  of 
60  km  or  so,  far  less  than  the  region  to 
the  south  (see  Fig.  5). 

In  southern  Peru,  northern  Chile,  and 
Kyushu,  Japan,  there  is  a  well-developed 
volcanic  front,  but  in  the  adjacent  anom- 
alous region  there  is  no  recent  volcanic 
activity  (Sacks  1977;  Barazangi  and  Is- 
acks,  1979). 

The  absorption  structure  of  the  anom- 
alous region  is  also  different.  Sacks  and 
Okada  (1974),  in  comparing  the  Q  struc- 
tures of  Japan  and  western  South  Amer- 
ica, pointed  out  differences  in  the 
attenuation  of  paths  from  earthquakes  in 
the  slab  deeper  than  100  km  to  seismo- 
graphs above  them  (far  inland  from  the 
trench).  In  the  normal  region  in  Japan, 
these  were  low-Q  paths  (as  expected), 
but  to  stations  CUZ  and  HUA  in  central 
Peru  the  paths  were  high-Q.  Assuming 
that  these  earthquakes  are  in  the  sub- 
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Fig.  5.  (A)  A  map  of  the  northwestern  Philippine  Sea  Plate.  The  western  part,  subducting  under 
Kyushu  and  southward,  is  a  normal  subduction  zone  including  volcanoes.  The  eastern  part  (Shikoku 
basin)  subducts  under  southwest  Honshu  and  has  no  associated  volcanoes.  (B)  The  seismicity  of  this 
section  shows  normal  dip  but  extends  to  less  than  60-km  depth. 


ducted  slab,  the  implication  is  that  there 
is  no  low-Q  material,  i.e.,  no  asthenos- 
phere,  between  the  subducted  slab  and 
the  overlying  continental  lithosphere  in 
central  Peru. 

Subduction  Geometry 

Additional  techniques  allow  delinea- 
tion of  the  subducted  plate  in  this  region 
despite  the  inadequate  control  from  tra- 
ditional seismicity  studies. 

The  subduction  geometry  can  be  con- 
sidered in  three  parts. 

(1).  The  initial  subduction  angle  and 
depth  can  be  determined  under  some 
conditions  from  observations  of  seismic 
wave  energy  converted  at  the  upper  sur- 
face of  the  subducted  plate.  If  the  dip 
angle  is  in  the  range  20°-35°,  near-ver- 
tically  traveling  shear  waves  (reflected 
from  the  Earth's  core)  convert  efficiently 
to  compressional  waves  which,  being 
faster,  arrive  at  the  seismograph  ahead 
of  the  shear  wave  (ScS)  and  are  therefore 
observable.  Sufficiently  clear  arrivals 
were  obtained  on  the  WWSSN  seismo- 
graphs in  central  Peru  (NNA),  southern 
Peru  (ARE),  and  central  Chile  (PEL)  to 
determine  that  the  subduction  had  to  have 
a  dip  of  about  25°-30°  down  to  a  depth 
of  at  least  100  km  (Snoke  et  al.,  1979). 
This  general  trend  is  supported  by  the 
fault-plane  orientation  of  earthquakes 
which  occurred  in  this  region.  Stauder 
(1975)  and  Hasegawa  and  Sacks  (1981) 


determined  that  the  tension  axes  dipped 
at  about  30°. 

(2).  The  horizontal  region  can  be  ob- 
served by  projecting  a  very  wide  seismic 
zone.  However,  this  requires  the  as- 
sumption that  the  zone  is  continuous. 
Precision  seismicity  (see  Fig.  6),  avail- 
able near  the  southern  boundary,  shows 
the  development  of  a  horizontal  segment. 
Focal  mechanisms  of  events  in  this  re- 
gion (Hasegawa  and  Sacks,  1981)  indi- 
cate essentially  horizontal  focal 
mechanisms. 

(3).  The  re-subduction  zone  is  indi- 
cated by  the  easternmost  intermediate- 
depth  earthquakes  (150  km  deep).  These 
have  focal  mechanisms  with  a  30°  dip  of 
the  tension  axis. 

Our  interpretation  of  the  subduction 
geometry  is  shown  in  Fig.  7.  The  data 
and  techniques  are  discussed  more  fully 
in  Hasegawa  and  Sacks  (1981). 

In  the  eastern  Philippine  Sea  area,  the 
subduction  in  the  volcano-free  region 
(southwest  Honshu)  is  delineated  by 
earthquakes  down  only  to  about  60-km 
depth  (Fig.  5).  Nakanishi  (1980)  has 
studied  ScSp  converted  phases  in  this  re- 
gion. His  assumed  conversion  interfaces 
are  shown  in  Fig.  8.  Hirahara  (1981),  us- 
ing the  method  of  Aki  et  al.  (1977),  has 
studied  the  velocity  structure  of  this  re- 
gion. His  results  for  the  southwest  Hon- 
shu region  as  well  as  for  the  adjacent 
(normal)  Kyushu  region  are  shown  in  Fig. 
9.  Both  Hirahara's  and  Nakanishi's  re- 
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Fig.  6.  (A)  Divided  vertical  cross  sections  of  relocated  earthquakes  located  inside  the  rectangle  from 
region  1  to  region  8  on  the  inserted  map.  Solid  curves  show  the  shape  of  the  seismic  zone  (below  50-km 
depth)  inferred  from  the  seismicity  in  each  vertical  section.  (B)  Schematic  model  of  the  descending  Nazca 
Plate  near  the  boundary  between  the  nearly  horizontal  subduction  zone  beneath  central  Peru  and  the 
more  steeply  dipping  subduction  zone  beneath  southern  Peru.  In  both  regions  the  initial  subduction  angle 
is  30°  and  persists  to  at  least  100  km. 


suits  are  consistent  with  a  subducted  plate 
traveling  approximately  horizontally  un- 
der the  volcano-free  region. 

Summary  and  Implications 

The  characteristics  of  the  anomalous 
subduction  regions  may  be  summarized 
as  follows. 

Initial  (shallow)  subduction  can  have 
normal  (—30°)  dip  but  relatively  sparse 
seismicity.  At  some  depth,  which  we  be- 
lieve is  governed  by  the  thickness  of  the 
adjacent  continental  lithosphere,  the  slab 
deforms  and  underlies  the  lithosphere. 
The  seismic  activity  in  the  horizontal  plate 
is  very  sparse  and  may  even  be  nonex- 
istent. 


One  indication  of  the  forces  involved 
comes  from  observations  of  the  slab  de- 
formation between  normal  and  anoma- 
lous regions.  A  high-sensitivity  local 
seismic  network  straddles  this  region  in 
south-central  Peru.  The  data  indicate  that 
the  plate  is  continuous  even  though  it 
deforms  from  a  normally  dipping  plane 
to  a  horizontal  one  over  a  distance  of  only 
about  80  km.  Figure  6  (a  and  b)  shows 
the  data  and  resultant  model.  This  region 
is  fully  discussed  in  Hasegawa  and  Sacks 
(1981). 

In  order  to  sustain  this  deformation, 
there  must  be  an  upward  force  of  con- 
siderable magnitude  on  the  subducted 
plate  in  the  central  Peru  (anomalous)  re- 
gion. A  likely  possibility  is  that  the  cen- 
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Fig.  7.  Cross  section  showing  the  inferred  geo- 
metry of  the  descending  Nazca  Plate  beneath  cen- 
tral Peru.  Seismicity  is  from  Barazangi  and  Isacks 
(1979).  This  is  a  1000-km-wide  section  and  there- 
fore assumes  the  deformation  in  the  slab  to  be  con- 
stant over  this  width.  The  hatched  zone  denotes 
the  possible  conversion  plane  of  the  ScSp  arrivals 
at  station  NNA  (small  triangle  at  -320  on  distance 
scale)  estimated  by  Snoke  et  al.  (1979).  Tension 
axes,  shown  by  arrows,  for  focal  mechanisms  of 
intermediate  depth  earthquakes  are  approximately 
parallel  to  the  local  dip  of  the  descending  Nazca 
Plate. 


tral  Peru  portion  is  buoyant,  at  least  at 
its  western  extremity  and  at  a  depth  of 
100-125  km.  In  order  to  understand  the 
behavior  of  the  subducted  plate,  the  den- 
sity structure  of  oceanic  plates  prior  to 
subduction  must  be  considered. 


The  Density  of  the  Oceanic  Plate 

It  is  generally  assumed  that  the  sub- 
ducting lithosphere,  being  considerably 
colder,  will  be  more  dense  than  the  sur- 
rounding asthenosphere.  The  initiation 
of  the  subduction  process  is  presumably 
due  to  the  interaction  of  a  moving  oceanic 
plate  with  an  adjacent  (continental  or 
oceanic)  plate.  The  oceanic  plate  is  forced 
to  sink,  at  least  to  a  depth  equal  to  the 
thickness  of  the  adjacent  plate.  Whether 
it  continues  to  sink  or  whether  it  contorts 
and  underlies  the  adjacent  non-subduct- 
ing plate  depends  mainly  on  its  density 
relative  to  that  of  the  asthenosphere.  The 
two  possibilities  are  shown  in  Fig.  10. 
The  oceanic  plate  is  made  up  essentially 
of  a  lower-density  basaltic  crust  (p  =  2.9 
g/cm3)  overlying  a  lithosphere  with  den- 
sity similar  to  that  of  the  asthenosphere 
from  which  it  was  derived  (p  =  3.4  g/ 
cm3).  Since  the  subducting  lithosphere  is 
always  colder  than  the  asthenosphere 
surrounding  it  and  is  essentially  of  the 
same  material,  it  will  be  denser.  This  is 
counteracted  by  the  light  crust.  Since 
oceanic  crust  has  a  remarkably  constant 
thickness  independent  of  age  and  region, 
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Fig.  8.  Vertical  cross  section  of  seismicity  in  the  Shikoku,  southwest  Honshu,  region.  Hypocenters 
indicated  by  dots  are  for  the  period  from  January  1975  to  December  1976  by  the  Kochi  Earthquake 
Observatory  (1977).  The  solid  curves  indicate  the  contours  representing  the  theoretical  differential  travel 
times  of  3  sec  and  5.3  sec  for  the  stations  IHR  and  SHK,  respectively.  The  solid  line  on  the  hatched 
portion  represents  the  conversion  interface  corresponding  to  the  vertical  incidence  of  the  ScS  phase. 
(After  Nakanishi,  1980.) 
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Fig.  9.  Three-dimensional  seismic  structure  beneath  southwest  Honshu  (upper)  and  Kyushu  (lower). 
The  slowness  perturbations  and  hypocenters  are  projected  onto  vertical  cross  sections  approximately 
normal  to  the  Nankai  Trough.  Thicker  lines  and  minus  signs  indicate  higher  velocities,  which  are  assumed 
to  show  the  subducted  plates.  The  younger  eastern  Philippine  Sea  plate  dips  down  to  about  60-km  depth, 
then  flattens  to  horizontal  (upper  diagram).  The  older,  denser  western  Philippine  Sea  plate  has  a  dip 
which  is  maintained  to  at  least  200-km  depth  (lower  figure).  (After  Hirahara,  1981.) 


and  since  the  lithosphere  thickens  pro- 
portionally to  the  square  root  of  age,  there 
will  be  some  age  (thickness)  at  which  the 
subducting  lithosphere  is  neutrally  buoy- 
ant. Molnar  and  Atwater  (1978)  estimate 
that  lithosphere  less  than  50  km  thick 
will  be  buoyant. 

The  thickening  of  the  lithosphere  with 
age  has  been  determined  by  a  number  of 
workers  using  surface  waves.  There  is 
general  agreement  that  the  lithosphere 
thickens  rapidly  in  the  first  30  m.y.  to 
about  50  km,  then  continues  thickening, 
reaching  about  100  km  at  120  m.y.  Note 
that  the  water  depth  does  not  increase 
following  a  square-root-of-age  law  be- 
yond 80  m.y.  or  so,  because  at  greater 
ages  the  heat  flow  is  essentially  the  back- 
ground steady-state  mantle  heat  flow. 
Parsons  and  Sclater  (1977)  have  dis- 
cussed and  explained  this  effect  fully.  The 
implication  from  this  observation  is  that 


material  underplated  onto  the  litho- 
sphere from  the  asthenosphere  must  have 
essentially  the  same  density  as  the  as- 
thenosphere. 

Buoyancy 

Knowing  the  lithosphere  and  crust 
thicknesses,  the  buoyancy  can  be  calcu- 
lated. A  crustal  thickness  of  6.1  km  with 


Fig.  10.  Subduction  geometries  which  may  re- 
sult from  (left)  a  sinking  slab,  and  (right)  a  buoyant 
slab.  The  initial  subduction  dip  is  controlled  by  the 
interplate  forces  and  may  be  the  same  in  both  cases. 
If  sufficiently  buoyant,  the  slab  may  deform  at  depth 
and  underlie  the  "continental"  lithosphere. 


478 


CARNEGIE    INSTITUTION 


a  density  of  2.83  g/cm3  and  a  lithosphere 
(and  asthenosphere)  density  of  3.4  g/cm3 
is  assumed.  These  values  are  the  same 
as  those  quoted  by  Leeds  et  al.  (1975). 
Once  this  lithosphere  is  forced  to  subduct 
by  external  forces,  its  density  relative  to 
that  of  the  adjacent  asthenosphere  is 
controlled  by  the  temperature  differ- 
ence. (This  is  a  function  of  subduction 
velocity  and  plate  age.)  We  can  calculate 
an  effective  temperature  difference  which 
will  make  the  subducted  oceanic  plate 
neutrally  buoyant.  This  is  shown  in  Fig. 
11.  For  the  youngest  seafioor  (less  than 
20  m.y.),  a  temperature  difference  in  ex- 
cess of  750°  is  required  in  order  that  the 
plate  sink.  For  a  lOO-m.y.-old  plate,  only 
a  350°  difference  is  required. 

The  calculation  of  the  actual  temper- 
ature structure  is  not  straightforward, 
since  the  plate  cools  the  asthenosphere 
as  it  is  heated  and  the  cooled  astheno- 
sphere, being  denser,  will  tend  to  move 
down  with  the  plate.  Viscous  drag  also 
causes  asthenosphere  material  to  move 
with  the  plate.  This  has  the  effect  of  re- 
ducing the  heating  of  the  plate.  Shear 
heating  has  the  opposite  effect.  Hsui  and 
Toksoz  (1979)  have  modeled  young  sub- 
duction. The  temperature  differences  used 
here  are  based  on  their  model.  Figure  12 
shows  the  effective  temperature  differ- 
ence for  a  subduction  zone  5  m.y.  after 
initiation.  From  Fig.  11  we  see  that  sea- 
floor  50  m.y.  old  is  approximately  neu- 
trally buoyant.  Whether  it  sinks  or  un- 
derlies the  adjacent  "continental"  litho- 
sphere (Fig.  10)  depends  then  on  whether 
the  crust  is  anomalously  thick  or  thin. 
Assuming  isostatic  equilibrium,  a  0.25- 
km  change  in  ocean  depth  requires  a 
change  in  crustal  thickness  of  about  1 
km,  hence  the  large  effect  shown  in  Fig. 
11.  This  result  is  consistent  with  obser- 
vations. The  "non-sinking"  subduction 
under  central  Peru  is  of  ocean  floor  (in- 
cluding the  Nazca  Ridge)  which  has  a 
shallower  depth  (Pilger,  1981)  than  that 
for  "normal"  ocean,  as  shown  in  Parson 
and  Sclater's  (1977)  fig.  12.  In  the  west- 
ern Philippine  Sea,  lithosphere  of  similar 
age  subducts  normally  (i.e.,  it  sinks).  The 
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Fig.  11.  The  excess  temperature  of  the  asthen- 
osphere relative  to  the  subducted  plate  in  order 
that  the  plate  be  neutrally  buoyant.  If  the  tem- 
peratures are  above  the  curve,  the  plate  will  sink. 
Note  that  for  ages  less  than  20  m.y.,  unreasonably 
high  temperature  differences  would  be  required 
and  therefore  the  plate  will  probably  be  buoyant. 
The  dotted  zone  is  the  effective  mean  temperature 
difference  calculated  from  the  model  of  Hsui  and 
Toksoz  (1979).  The  geometry  and  temperature  field 
are  shown  in  Fig.  12.  For  the  particular  models, 
assumptions,  and  data  used,  the  implication  is  that 
oceanic  slabs  less  than  about  40  m.y.  old  will  be 
buoyant  and  slabs  older  than  80  m.y.  will  sink. 
However,  the  effect  of  anomalous  crustal  structure 
can  be  very  great.  The  arrowheads  indicate  the 
shift  of  the  stability  curve  for  a  crustal  structure 
change  causing  a  bathymetry  anomaly  of  0.25  km. 
In  the  case  of  central  Peru  (seafioor  age  40-60  m.y. ) 
the  seafioor  is  shallower  (Pilger,  1981)  and,  assum- 
ing that  this  is  an  indication  of  a  thicker  crust,  the 
slab  is  buoyant.  In  the  case  of  the  western  Phil- 
ippine Sea  (Kyushu),  the  water  depth  is  greater 
than  expected  for  its  age  (40-50  m.y.).  (The  depth 
is  5.5-6  km  in  the  Philippine  basin  rather  than  the 
expected  5-5.5  km. )  This  implies  a  thinner  (or  lighter) 
crust  and  the  slab  should  therefore  sink,  which  is 
consistent.  In  the  case  of  the  eastern  Philippine 
Sea,  its  age  (—20  m.y.)  suggests  that  it  must  be 
buoyant,  which  is  consistent. 


water  depth  here  is  5V2-6  km  (Murauchi 
et  al.,  1968);  5-5V2  km  is  "normal."  For 
40-70-m.y.-old  ocean  floor,  the  eventual 
subduction  path  is  strongly  influenced  by 
the  crustal  thickness  (which  is  reflected 
in  the  bathymetry). 

The  Kinetics  of  the  Basalt-Eclogite 
Phase  Change 

All  the  above  discussion  has  been  based 
on  a  simple  static  model  and  is  appro- 
priate only  for  initial  subduction.  Once 
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Fig.  12.  The  temperature  field  of  the  asthen- 
osphere  and  the  subducting  lithosphere  5  m.y.  after 
the  onset  of  subduction  (after  Hsui  and  Toksoz, 
1979).  The  shading  indicates  lithosphere.  Note  that 
the  asthenosphere  temperature  above  the  slab  is 
substantially  reduced. 


subduction  has  been  operative  for  some 
time,  the  lower-density  (p  =  2.9  g/cm3) 
basaltic  crust  may  be  transformed  into 
eclogite,  a  very  dense  phase  (p  =  3.5  gl 
cm3).  If  this  occurs,  ocean  floor  of  any 
age  will  sink.  The  transformation  to  eclo- 
gite depends  on  the  oceanic  crust  reach- 
ing sufficient  temperature  and  pressure. 
Ito  and  Kennedy  (1971)  have  made  the 
most  complete  study  of  this  transfor- 
mation. It  is  necessary,  however,  to  con- 
sider the  kinematics  of  the  process  in  order 
to  understand  its  behavior  in  different 
subduction  zones. 

For  the  transformation  of  basalt  to 
eclogite  to  occur,  there  must  be  diffusive 
transport,  both  in  and  out,  of  appropriate 
species  to  grow  new  minerals.  At  higher 
temperatures  this  process  is  fairly  rapid. 
At  1200°C,  Ito  and  Kennedy  report  that 
the  process  is  complete  in  about  five  min- 


Fig.  13.  Location  map  of  heat-flow  sites  in  Peru  and  Bolivia  with  fully  corrected  heat-flow  values 
shown  in  mW  x  m~2.  Open  circles  are  sites  established  by  the  University  of  Michigan;  open  rectangle 
in  central  Peru  represents  five  sites  with  questionable  results  but  believed  to  be  low  heat  flow.  Solid 
triangles  are  sites  established  by  other  investigators;  values  have  been  corrected  for  topography  and 
uplift  and  erosional  history  (Henry,  1981).  Contours  are  depths  in  km  to  top  of  subducted  Nazca  Plate. 
(After  Hasegawa  and  Sacks,  1982,  in  preparation.) 
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utes.  At  800°C,  however,  a  week  or  more 
is  required  for  the  attainment  of  equilib- 
rium. At  even  lower  temperatures,  since 
the  process  is  controlled  by  solid  diffu- 
sion, very  long  times  are  required  for  the 
transformation.  Ito  and  Kennedy  esti- 
mate that  106-107  years  are  required  if 
the  temperature  is  400°C.  Interstitial 
water  can  induce  the  transformation  at 
lower  temperatures.  However,  mea- 
surements on  ocean-floor  basalts  indicate 
that  insufficient  water  (<1%)  is  present 
to  be  effective.  Experiments  indicate  that 
5-10%  of  water  is  required. 

Heat  Flow 

Our  estimate  of  temperatures  within 
the  Earth  is  derived  from  observations 
of  heat  flow  at  the  surface.  Some  results 
for  western  South  America  (Henry,  1981) 
are  shown  in  Fig.  13.  These  data  cover 
both  the  southern  Peru  region,  where 
subduction  is  "normal"  (i.e.,  at  30°  dip 
down  to  the  deepest  events),  and  the  cen- 
tral Peru  regions,  where  the  subducted 
lithosphere  appears  to  underlie  the  con- 
tinental lithosphere  without  any  inter- 
vening asthenosphere.  At  a  similar 
position  relative  to  the  subduction,  above 
the  100-km  depth  contour,  the  mean  heat 
flow  in  central  Peru  is  <30  milliwatts  per 
square  meter  (mW/m2),  whereas  in 
southern  Peru  the  mean  heat  flow  is  about 
60  mW/m2. 

In  order  to  convert  these  surface  val- 
ues to  temperature  at  depth,  we  follow 
the  calculations  (and  assumptions)  of 
Chapman  and  Pollack  (1977).  Their  re- 
sults are  shown  in  Fig.  14.  For  the  heat 
flow  observed  in  central  Peru  (<30  mW/ 
m2),  the  expected  temperature  at  a  depth 
of  100  km  is  about  400-500°C.  At  this 
temperature  the  basalt-eclogite  trans- 
formation will  be  retarded,  possibly  for 
106— 107  yr.  At  a  subduction  rate  in  excess 
of  10  cm/yr  for  the  Nazca  Plate,  the  sub- 
ducted plate  may  remain  buoyant  for  a 
length  of  from  100  to  1000  km,  which  is 
consistent  with  the  geometry  deter- 
mined by  Hasegawa  and  Sacks  (1981).  In 
the  "normal"  region,  the  heat  flow  of  60 
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Fig.  14.  Geotherm  families  for  oceanic  and  con- 
tinental regions;  family  parameter  is  heat  flow  in 
mW  x  m~2.  Tm  is  mantle  solidus;  geotherms  dot- 
ted above  0.85  T,„  indicate  provisionally  (after 
Chapman  and  Pollack,  1977).  For  central  Peru,  with 
an  observed  heat  flow  of  less  than  30  above  the  100- 
km  contour  (Fig.  13),  the  subducted  crust  temper- 
ature may  be  about  400-500°.  At  this  temperature, 
the  basalt-eclogite  transition  may  take  from  1  to 
10  m.y. 

mW/m2  indicates  a  temperature  of  more 
than  1000°C  at  100-km  depth.  This  is  suf- 
ficient to  cause  rapid  transformation  to 
eclogite. 

Similar  though  less  extreme  conditions 
apply  in  the  Philippine  Sea  subduction. 
The  eastern  and  western  parts  of  the 
Philippine  Sea  are  of  considerably  dif- 
ferent ages.  The  average  age,  deter- 
mined from  the  Deep  Sea  Drilling  Project 
cores  of  the  Philippine  Basin  just  south 
of  the  Kyushu-Palau  Ridge,  is  about  50 
m.y.  The  age  of  the  Shikoku  Basin  region 
just  north  of  the  ridge  is  about  20  m.y. 
Shiono  et  al.  (1980),  analyzing  both  Love 
and  Rayleigh  waves,  determined  litho- 
spheric  thicknesses  of  60  km  and  30  km 
for  the  older  and  younger  regions,  re- 
spectively. These  are  in  general  agree- 
ment with  thicknesses  determined  by 
other  workers  in  different  oceans  of  the 
same  age.  The  western  part,  subducting 
under  Kyushu,  is  older  (50  m.y.),  is  thicker 
(60  km),  and  has  a  thinner  than  "normal" 
crust.  It  subducts  normally.  The  eastern 
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part,  subducting  under  southwest  Hon- 
shu, being  younger  (20  m.y.)  and  thinner 
(30  km),  is  buoyant  and  therefore  un- 
derlies the  adjacent  continent,  traveling 
essentially  horizontally  after  it  pene- 
trates to  the  base  of  the  continental  lith- 
osphere. 

Conclusions 

We  have  described  observations  lead- 
ing to  models  of  subduction  beneath 
western  South  America  and  beneath 
Kyushu  and  southwest  Honshu.  The  data 
suggest  that  initial  subduction,  being 
controlled  by  the  interactions  between 
the  subducting  and  adjacent  lithosphere, 
is  at  a  usual  angle  of  about  30°.  Once 
below  the  adjacent  continental  litho- 
sphere, however,  the  plate  deforms  and 
travels  horizontally  for  a  considerable 
distance. 

It  does  so  because  it  is  buoyant.  It  re- 
mains buoyant  because  it  is  in  contact 
with  a  sufficiently  cold  continental  lith- 
osphere that  the  basalt-eclogite  trans- 
formation is  retarded. 

While  there  is  a  clear  geometric  rela- 
tionship between  the  subducted  plate  and 
the  volcanic  front,  there  is  as  yet  no  gen- 
erally accepted  model  which  explains  the 
mechanism.  Some  insight  is  possible  from 
the  observations  that  there  are  no  vol- 
canoes where  the  subducted  lithosphere 
is  in  contact  with  the  overlying  conti- 
nental lithosphere.  Two  consequences 
follow:  There  is  no  hot,  mobile  asthen- 
osphere  in  contact  with  the  subducted 
crust,  and  the  temperature  of  the  (sub- 
ducted) crust  is  substantially  lower.  The 
relative  importance  of  these  two  effects 
depends  on  whether  volcanic  magma  is 
derived  mainly  from  the  asthenosphere 
or  whether  melting  of  the  subducted  crust 
is  significant. 
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Electrical  Conductivity 

L.  T.  Aldrich 

Electrical  conductivity  studies  try  to 
relate  conductivity  structures  of  the  Earth 
at  depth  with  those  structures  found  in 
other  geophysical  observations.  The  con- 
ductivity structure  is  determined  by  re- 
lating the  variations  in  the  three 
components  of  the  magnetic  field  over  an 
area  of  interest  and  deducing  the  current 
system  which  would  produce  the  ob- 
served relationships  between  these  com- 
ponents. In  principle,  this  can  be  done 
for  all  variations  of  the  fields.  In  practice, 
however,  it  is  easier  to  find  the  relation- 
ships during  times  of  magnetic  storms 
when  the  signal-to-noise  ratio  for  periods 
less  than  six  hours  is  enhanced.  Such  a 
storm  is  shown  in  Fig.  15.  Since  the  depth 
of  penetration  of  an  inducing  magnetic 
field  varies  directly  with  the  period,  one 
looks  for  relationships  as  a  function  of 
period  at  any  location  to  determine  the 
constants,  Zd  and  Zh  (transfer  func- 
tions), in  the  equations 

Zmd  +  Zst  =  Zh*Hst  +  Zd*Dst  +  Zz*Zst, 
Hmd  +  Hst  =  Hh*Hst  +  Hd*Dst  +  Hz*Zst, 

DM  +  Dst  =  Dh*Hst  +  Dd*Dst  +  Dz*Zsh 

(1) 
where  all  quantities  except  the  Z,  H,  and 
D  transfer  functions  can  be  measured  or 
inferred.  (Subscript  st  refers  to  storm, 
ind  refers  to  induced.)  Given  the  values 
of  these  parameters  as  a  function  of  pe- 
riod, one  may,  in  principle,  invert  them 
to  obtain  the  conductivity  structure  and 
the  current  system  which  produced  them. 
The  variable  Zst  is  usually  less  than  a  few 
percent  of  the  values  of  Dst  and  Hst  so 
that  one  can  safely  assume  the  contri- 
butions to  the  left  and  right  sides  in 
Equations  (1)  from  this  element  to  be 
zero.  If  there  is  an  anomalous  conductiv- 
ity structure  within  the  area  under  study, 
Hind  and  Dind  cannot  be  assumed  to  be 
zero,  and  various  visual  methods  for  lo- 
cating the  anomaly  using  these  terms  have 
been  devised.  Such  a  conductor  also  pro- 
duces a  characteristic  distribution  ofZind 


which  passes  through  zero  over  the  con- 
ductor and  the  phase  of  which  is  related 
to  that  of  the  inducing  field.  Because  of 
these  characteristics  of  Zind,  conditions 
have  been  investigated  for  which  it  may 
be  possible  to  determine  uniquely  the 
quantities  Zh  and  Zd  in  both  the  time 
and  the  frequency  domains,  using  models 
for  which 


Ziri,  =  Zh*Hst  +  Zd*Dst. 


(2) 


In  the  frequency  domain,  Equation  (2)  is 
complex.  It  has  been  found  that,  when 
Z,  H,  and  D  are  all  of  the  same  period 
and  Z  is  a  linear  combination  of  D  and  H 
(where  D  and  H  have  varying  amplitude 
and  phase),  our  computer  codes  recover 
the  period,  phase,  and  amplitude  of  all 
three  waves  with  remarkable  precision 
and  determine  the  transfer  functions  with 
good  precision.  The  procedure  involves 
(1)  Extending  the  series  using  the 
maximum  entropy  algorithm  of  Ulrych 
(1972)  to  about  five  times  its  original 
length,  with  the  series  itself  centered  in 
the  extrapolated  series, 


Fig.  15.  Magnetic  storm  in  which  all  three  com- 
ponents vary  smoothly,  recorded  at  a  coastal  sta- 
tion in  central  Chile.  The  three  components  from 
top  to  bottom  are  D,  H,  and  Z.  Note  that  the  sen- 
sitivity for  Z  is  double  that  for  D  and  H.  This  is 
also  true  in  Fig.  16. 
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(2)  Windowing  this  series  with  a  cosine 
bell  and  applying  the  fast-Fourier  trans- 
form, and 

(3)  Using  the  Fourier  coefficients  (FC's) 
so  obtained  to  solve  for  Zd  and  Zh  using 
Equation  (2),  above,  or  to  obtain  the  ele- 
ments of  the  original  wave  for  periods  of 
interest  by  summing  time  series  gener- 
ated from  these  FC's,  the  phases  of  which 
have  been  adjusted  for  the  extrapolation 
in  step  1. 

When  this  procedure  was  applied  to  a 
time  series  generated  from  a  linear  com- 
bination of  the  D  and  H  time  series  of 
Fig.  15,  it  was  not  possible  to  recover 
the  known  values  of  Zd  and  Zh  from  the 
FC's  themselves.  When  time  series  were 
formed  from  these  same  FC's  for  D,  H, 
and  Z-MOD(=  0.60Z)  +  0.20H),  we  ob- 
tained the  results  of  Fig.  16.  Also  shown 
in  this  figure  are  the  elements  for  the 
measured  Z  of  Fig.  15,  determined  in  the 
same  manner  for  each  period  range.  The 
caption  of  Fig.  16  gives  details  of  its  dis- 
play. 

In  conclusion,  it  would  seem  that  sat- 
isfactory techniques  have  been  devel- 
oped for  deriving  transfer  functions  as  a 
function  of  period  for  the  types  of  mag- 
netic storms  encountered.  There  re- 
mains the  problem  of  analyzing  the  data 
for  several  events  to  ascertain  the  truth 
of  the  assumptions  of  the  constancy  of 
the  transfer  functions  at  any  location  for 
different  storms.  One  must  be  aware  that, 
in  the  real  Earth,  the  transfer  functions 
may  be  complex.  The  wave  forms  ob- 
tained for  the  raw  data  at  various  stages 
of  filtering  should  provide  information 
related  to  this  possibility.  The  proce- 
dures outlined  above  are  to  be  applied  to 
data  from  the  fifteen-station  net  across 
the  Andes  in  central  Chile  and  Argentina 
and  from  the  many  stations  in  Peru,  Bo- 
livia, and  northern  Chile  for  which  digital 
data  are  in  hand. 

Reference 

Ulrych,  T.  J.,  Maximum  entropy  power  spectrum 
of  truncated  sinusoids,  J.  Geophys.  Res.,  77,  396- 
1400,  1972,  and  personal  communication. 


GEOCHEMICAL  STUDIES  OF 
VOLCANIC  ROCKS 


Introduction 

The  reports  in  this  section  involve  the 
study  of  volcanic  rocks  as  a  means  to  de- 
termine the  nature  of  the  mantle  source 
from  which  they  were  derived.  Precise 
knowledge  of  the  composition  and  extent 
of  different  mantle  reservoirs  is  essential 
for  understanding  the  processes  by  which 
the  Earth  has  differentiated  through 
geologic  time.  It  is  known,  for  example, 
that  the  upper  mantle  beneath  oceans  is 
partially  depleted  in  its  basaltic  fraction. 
In  many  recent  models  for  crust-mantle 
evolution  the  continents  are  taken  to  rep- 
resent the  complementary  reservoir  to 
the  depleted  oceanic  mantle.  An  impor- 
tant question  remains,  however,  as  to 
the  role  of  subcontinental  mantle  in  con- 
tinent formation.  In  particular,  how  much 
continental  material  has  been  derived  by 
partial  melting  of  its  underlying  mantle 
reservoir?  Depending  upon  the  answer 
to  that  question,  ancient  subcontinental 
mantle  could  either  be  relatively  en- 
riched or  quite  depleted.  The  studies  of 
continental  flood  basalts  (Hart,  Carlson, 
Zhou)  are  directly  concerned  with  deter- 
mining the  composition  in  both  time  and 
space  of  the  mantle  source  from  which 
the  magmas  were  derived.  An  overriding 
difficulty  in  this  endeavor  is  assessing 
quantitatively  the  influence  of  the  con- 
tinental crust  through  which  the  magmas 
ascend.  Emphasizing  an  integrated  ap- 
proach using  both  radiogenic  and  stable 
isotopes  in  concert  with  trace  element 
and  major  element  abundances,  the  work 
reported  here  represents  significant 
progress  toward  obtaining  primary  man- 
tle isotopic  signatures. 

Parallel  studies  of  island  and  continen- 
tal volcanic  arcs  (Barreiro,  James,  Ishi- 
zaka,  Carlson,  Vespucci)  are  concerned 
with  the  same  fundamental  question: 
What  is  the  process  by  which  continents 
form  through  differentiation  of  the  man- 
tle? One  means  of  continent  formation, 
for  example,  is  by  accretion  either  through 
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collisions  of  island  arcs  or  through  ad- 
dition of  material  to  continental  margins 
during  periods  of  Andean-type  subduc- 
tion.  Such  an  accretionary  mechanism 
provides  a  straightforward  way  to  trans- 
fer material  to  the  continents  from  the 
oceanic  upper  mantle.  A  key  uncertainty 
in  the  mass-balance  equation  is  the  de- 
gree to  which  subducted  material — 
oceanic  crust  ±  continental  sediments — 
is  mobilized  as  magma  in  the  subduction 
zone  and  returned  to  the  surface.  A  fun- 
damental objective  of  the  subduction  zone 
studies  reported  here  is  to  determine 
quantitatively  the  volume  and  composi- 
tion of  slab  material  involved  in  the  for- 
mation of  arc  magmas.  To  achieve  this 
end,  it  has  been  necessary  to  select  mea- 
surements or  groups  of  measurements 
specifically  designed  to  separate  the 
crustal  component  of  the  magma  due  to 
involvement  of  crustal  material  in  the 
source  from  that  due  to  ordinary  crustal 
contamination.  The  reports  presented 
below  outline  our  progress  toward  that 
end. 


Isotopic  Evidence  for  the 

Petrogenesis  of  Modern  Andesites 

of  the  Northernmost  Andes 

David  E.  James 

Modern  Andean  volcanism  is  charac- 
terized by  a  wide  latitudinal  variation  in 
isotopic  composition  of  the  andesitic  la- 
vas extruded  along  the  arc.  In  Year  Book 
80  (pp.  479-488)  I  reported  results  from 
the  central  Andes  where  well-defined 
correlations  between  0,  Sr,  Nd,  and  Pb 
isotopic  ratios  measured  in  the  same  rock 
samples  were  used  to  develop  a  quanti- 
tative model  for  upper  crustal  contami- 
nation of  those  andesitic  lavas.  From  that 
work  it  is  clear  that  isotopic  effects  of 
crustal  contamination  can,  in  principle, 
be  distinguished  from  primary  (i.e. ,  man- 
tle) isotopic  signatures  through  careful 
integrated  study  of  multiple  isotopic  sys- 
tematics  in  the  same  rock  samples. 

As  part  of  a  long-term  program  to  in- 
vestigate Andean  volcanism,  we  have 


undertaken  to  study  modern  andesitic 
volcanism  in  the  northernmost  Andes 
employing  the  same  techniques  we  ap- 
plied to  the  central  Andes.  This  report 
presents  results  we  have  obtained  to  date 
using  0,  Sr,  and  Nd  isotope  data  and 
other  major  and  trace  element  data  from 
andesitic  samples  collected  from  the  his- 
torically active  volcanoes  Galeras,  Pur- 
ace,  and  Ruiz  in  the  Colombian  Andes 
(see  Fig.  17).  The  results  presented  here 
are  by  way  of  a  progress  report,  as  no 
Pb  analyses  have  yet  been  obtained  and 
some  of  the  other  isotopic  analyses  are 
not  complete.  Nonetheless,  the  data  are 
sufficient  to  confirm  the  probable  exis- 
tence of  both  source  contamination  (i.e., 
melting  of  crustal  material  in  the  sub- 
duction zone)  and  subsequent  crustal 
contamination  during  magmatic  ascent. 


EXPLANATION 


Fig.  17.  Geologic  sketch  map  of  the  Colombian 
Andes.  Volcanoes  are  shown  as  solid  triangles  in 
the  Cordillera  Central.  Underlined  volcanoes  Gal- 
eras, Purace,  and  Ruiz  are  part  of  this  study. 
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Fig.  18.  Composite  regional  tectonic  map  of  northern  Andes  and  the  Caribbean  (compiled  from  Malfait 
and  Dinkelman,  1972;  Jordan,  1975;  Herron,  1972;  Meissner  et  al.,  1977).  Seismicity  cross  sections  shown 
in  Fig.  19  are  indicated  by  solid  black  lines,  with  sections  denoted  by  R  for  Ruiz,  H  for  Huila,  and  G  for 
Galeras. 


Tectonic  Setting 

The  northern  Andes  is  one  of  three 
major  volcanic  provinces  in  the  Andean 
orogenic  belt.  They  are  distinguished  from 
other  provinces  of  Andean  volcanism  by 
a  vastly  more  complex  tectonic  history 
and  present  tectonic  configuration.  The 
volcanic  northern  Andes  are  part  of  a 
regional  complex  in  which  the  Nazca,  Co- 
cos,  Caribbean,  and  South  American 
plates  are  in  close  dynamical  interaction 
(see  Fig.  18).  That  plate  configuration 
formed  about  10  m.y.  ago  (Herron,  1972), 
when  what  remained  of  the  rapidly  dis- 
appearing Farallon  Plate  re-formed  into 
the  Cocos  and  Nazca  plates  and  spread- 
ing commenced  along  the  Galapagos  Rise. 
The  complex  East  Pacific  tectonic  history 


is  mirrored  in  the  Colombian  Andes,  which 
appear  to  have  been  dominated  by  epi- 
sodes of  westward-stepping  Benioff  zones 
(e.g.,  Case  et  al.,  1971). 

It  is  noteworthy  that  despite  the  in- 
tense arc  volcanism  throughout  the 
northern  Andes,  the  Peru-Chile  Trench 
finds  little  expression  in  the  seafloor  north 
of  the  Carnegie  Ridge.  As  shown  by 
Meyer  et  al.  (1977),  this  is  apparently  the 
result  of  complete  infilling  by  sedimen- 
tary material.  A  primary  objective  of  the 
present  study  is  to  determine  the  extent 
to  which  sedimentary  material  is  sub- 
ducted and  involved  in  subduction  zone 
melting. 

The  presence  of  a  normal  subduction 
zone  beneath  the  northern  Andes  is  con- 
firmed by  seismicity  profiles  shown  in  Fig. 
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19.  The  zone  of  modern  volcanism  is  at 
a  height  of  about  150  km  above  the  Be- 
nioff  zone  along  the  length  of  the  Colom- 
bian arc,  typical  for  andesitic  volcanism. 
Crustal  structure  beneath  the  Cordil- 
lera Central  (volcanic  arc)  is  not  well  de- 
termined anywhere  in  Colombia.  Poorly 
controlled  seismic  refraction  data  (e.g., 
Meissner  et  al.,  1977)  suggest  that  the 
crust  beneath  the  Cordillera  Central  in 
the  region  of  Galeras  (see  Fig.  17)  is  about 
40-50  km  thick.  This  structure  is  consis- 
tent with  gravity  data  showing  -  250  mgal 
Bouguer  anomalies,  from  which  may  be 
predicted  a  crustal  section  about  45  km 
thick  (Case  et  al.,  1973).  Paradoxically, 
although  surface  elevations  in  the  vicin- 
ity of  Ruiz  volcano  to  the  north  are  sub- 
stantially greater  than  those  around 
Galeras  (5400  m  vs.  4500  m),  Bouguer 


Fig.  19.  Seismicity  cross  sections,  north  to  south, 
along  sections  shown  in  Fig.  18.  Solid  black  lines 
denote  approximate  Benioff  zone.  Data  are  from 
USGS  compilation  from  1960  to  present  and  are 
unselected.  M  denotes  M-discontinuity.  Positions 
of  trench  and  volcanic  axis  are  marked  at  the  sur- 
face of  each  profile. 


gravity  anomalies  appear  to  be  only  about 
-100  mgal  (Case  et  al.,  1971),  suggest- 
ing (if  correct)  that  the  crustal  section 
beneath  Ruiz  is  either  comparatively  thin 
or  anomalously  dense. 

Results 

Isotopic  data  from  northern  Andean 
volcanics  show  clear  evidence  for  crustal 
involvement.  This  is  most  clearly  dem- 
onstrated by  8180  measurements,  none 
of  which  is  less  than  about  6.5%o.  More- 
over, the  combined  Sr-Nd  isotopic  data 
indicate  that  the  crustal  component  has 
entered  in  two  stages,  first  during  sub- 
duction  zone  melting  and  later  during 
magma  ascent  through  the  crust. 

To  understand  the  nature  of  crustal 
involvement  it  is  instructive  to  consider 
both  87Sr/86Sr  and  143Nd/144Nd  plotted 
against  8180,  as  shown  in  Fig.  20.  For 
87Sr/86Sr  vs.  5180,  the  basaltic  andesites 
from  Galeras  (Si02  —55%)  cluster  toward 
the  lower  left  part  of  the  diagram,  oc- 
cupying a  narrow  compositional  range  of 
87Sr/86Sr  between  about  0.7041  and  0.7042 
and  of  8180  between  about  6.5  and  7.0%o. 
With  increasing  Si02  content,  the  Gal- 
eras andesites  trend  toward  sharply 
higher  87Sr/86Sr  and  8180.  Samples  from 
Ruiz  volcano,  including  two  high  magne- 
sian  andesites  (the  two  samples  with  low- 
est 87Sr/86Sr  ratios),  lie  entirely  within 
the  Galeras  field,  as  do  the  three  mea- 
sured samples  from  Purace.  While  the 
data  for  Ruiz  and  Purace  are  as  yet  too 
sparse  to  permit  identification  of  a  trend, 
their  87Sr/86Sr  and  8180  compositions  are 
consistent  with  the  compositional  varia- 
tion defined  by  the  Galeras  samples. 

With  only  one  exception,  a  magnesian 
andesite  from  Ruiz  (Si02  =  55%,  MgO 
—  8%),  all  of  the  Ruiz  and  Purace  samples 
have  8180  >  7.0%o.  The  samples  are  also 
characterized  by  higher  Si02  contents  (60- 
62%  for  Ruiz)  and  slightly  higher  87Sr/ 
86Sr  ratios  (-0.7043). 

In  general,  increasing  87Sr/86Sr  with 
increasing  8180  as  seen  in  Fig.  20  can  be 
produced  by  a  variety  of  mechanisms, 
including  subduction  zone  melting  of  al- 
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Fig.  20.  Radiogenic  isotopes  87Sr/86Sr  and  14:,Nd/ 
144Nd  plotted  against  8180.  Solid  circles  are  Galeras 
samples,  open  circles  Ruiz  samples,  and  solid  tri- 
angles Purace  samples.  5180  values  given  in  %a  rel- 
ative to  standard  mean  ocean  water. 

tered  oceanic  crust,  ordinary  crustal  con- 
tamination, or  even  post-eruptive 
alteration.  It  is  this  ambiguity  in  the  Sr- 
0  isotope  systematics  which  makes  Nd 


isotopes  so  important,  for  Nd  isotopic  ra- 
tios are  not  altered  either  during  weath- 
ering of  oceanic  crust  or  during  post- 
eruptive  alteration.  Thus,  while  source 
contamination  or  post-eruptive  altera- 
tion will  produce  a  positive  87Sr/86Sr-8180 
correlation,  there  should  be  no  corre- 
sponding 143Nd/144Nd-5180  correlation. 
Such  a  correlation  should  be  produced 
only  during  the  course  of  crustal  contam- 
ination where  assimilation  of  material  with 
higher  5180  and  lower  143Nd/144Nd  pro- 
duces mixing  trends  away  from  primary 
magma  compositions. 

A  plot  of  143Nd/144Nd  vs.  8180  is  shown 
in  Fig.  20.  While  the  data  for  Nd  isotopes 
are  not  yet  complete  over  the  full  range 
of  8180,  there  is  some  suggestion  that  for 
the  samples  studied  there  is  a  crudely 
negative  correlation  between  143Nd/144Nd 
and  S180.  If  this  result  holds  up  with  fur- 
ther analysis,  it  would  indicate  that  at 
least  some  of  the  isotopic  variations  ob- 
served in  these  lavas  are  due  to  crustal 
contamination  by  assimilation  of  older 
crustal  rock. 

The  possible  influence  of  crustal  con- 
tamination can  be  further  assessed  by 
plotting  Nd  vs.  Sr  isotopes,  as  shown  in 
Fig.  21.  Here  the  data  both  by  individual 
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Fig.  21.  143Nd/144Nd  vs.  87Sr/86Sr  for  northern  Andean  samples.  Symbols  are  as  given  in  Fig.  20 
caption,  x  's  denote  Ecuadorian  samples  reported  by  Hawkesworth  et  al. ,  1979.  A's  and  B's  denote 
Arequipa  and  Barroso  volcanics  reported  in  Year  Book  80  (pp.  479-488).  Position  of  mid-ocean  ridge 
basalts  (MORB)  and  mantle  array  (dashed  lines)  are  as  indicated. 
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volcanoes  and  as  a  group  conform  to  a 
convex  downward  mixing  line  such  as 
would  be  produced  through  contamina- 
tion by  old  continental  crustal  material 
(i.e.,  by  material  with  Sr/Nd  and  143Nd/ 
144Nd  ratios  much  lower  than  those  of  the 
primary  magma;  see,  for  example,  James, 
1981,  1982).  The  convex  downward  mix- 
ing line  has  the  effect  of  drawing  the  data 
array  into  and  even  through  the  region 
of  the  mantle  array.  Presumably  if  con- 
tamination proceeded  far  enough,  the 
Colombia  data  array  could  pass  below  the 
mantle  array. 

If  crustal  contamination  has  indeed  been 
a  significant  factor  in  altering  magmatic 
compositions,  as  postulated  here,  it  is  clear 
that  the  isotopic  composition  of  the  "pri- 
mary" magma  must  have  lain  to  the  right 
of  the  mantle  array.  Ecuadorian  samples 
measured  by  Hawkesworth  et  al.  (1979) 
also  lie  well  to  the  right  of  the  mantle 
array  (see  Fig.  21).  Such  displacement 
toward  higher  87Sr/86Sr  ratios  on  the  Nd- 
Sr  plot  can  be  produced  by  melting  of 
altered  oceanic  crust  in  the  subduction 
zone.  Source  contamination  of  this  sort 
is  also  likely  to  produce  the  high  5180 
values  observed  even  in  the  most  "pri- 
mitive" of  the  lavas  sampled.  It  therefore 
appears  that  the  combined  O-Nd-Sr  iso- 
topic data  require  some  degree  of  source 
contamination  followed  by  crustal  con- 
tamination during  magma  ascent. 
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Nd-Sr  Isotopic  Study  of  the 

Setouchi  Volcanic  Rocks,  Japan:  a 

Clue  to  the  Origin  of  Orogenic 

Andesite 

K.  Ishizaka  and  R .  W.  Carlson 

The  origin  of  orogenic  andesites  that 
characterize  the  volcanic  activity  at  de- 
structive plate  margins  has  been  one  of 
the  major  problems  in  the  earth  sciences 
because  it  is  closely  associated  with  the 
growth  of  the  continental  crust.  A  vari- 
ety of  hypotheses  have  been  proposed  to 
explain  the  voluminous  calc-alkaline  an- 
desites in  orogenic  zones.  These  include 
(1)  differentiation  of  basaltic  magma  con- 
trolled by  amphibole  or  magnetite  frac- 
tionation (e.g.,  Cawthorn  and  O'Hara, 
1976;  Osborn,  1959),  (2)  mixing  of  dacitic 
and  basaltic  magmas  (e.g.,  Eichelberger, 
1975;  Sakuyama,  1979),  and  (3)  genera- 
tion of  primary  andesitic  magma  by  par- 
tial melting  of  hydrous  peridotite  in  the 
upper  mantle  (e.g.,  O'Hara,  1965;  Ku- 
shiro,  1974).  Of  these,  mechanism  (3)  has 
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been  the  most  controversial.  On  the  basis 
of  petrographic  studies  and  melting  ex- 
periments, Tatsumi  (1981,  1982a)  and 
Tatsumi  and  Ishizaka  (1981,  1982b)  have 
shown  that  some  high-magnesium  an- 
desites  in  the  Setouchi  volcanic  belt  of 
southwest  Japan  may  represent  primary 
melts  that  were  generated  by  partial 
melting  of  mantle  peridotite  containing  a 
small  amount  of  H20. 

To  investigate  how  primitive,  high- 
magnesium,  andesitic  magma  can  be  gen- 
erated and  whether  voluminous,  evolved 
porphyritic  andesite  can  be  produced  from 
primary  andesitic  magma  instead  of  from 
a  more  basaltic  parental  liquid,  we  un- 
dertook an  Nd-Sr  isotopic  study  of  the 
Setouchi  volcanic  belt.  We  chose  the  Se- 
touchi area  for  this  purpose  because  it 
contains  basalt,  high-magnesium  andes- 
ite, and  evolved  porphyritic  andesite,  and 
because  it  has  previously  been  subjected 
to  extensive  petrologic  studies  (e.g. ,  Tat- 
sumi, 1981,  1982a). 


Fig.  22.  Island-arc  and  trench  systems  in  the 
vicinity  of  the  Japanese  Islands.  Triangles  denote 
Quaternary  volcanoes;  hatching  represents  the  Se- 
touchi volcanic  belt. 


Geologic  Setting  of  the  Setouchi 
Volcanic  Belt 

In  the  Southwest  Japan  arc,  the  Se- 
touchi volcanic  rocks,  characterized  by 
aphyric  andesites  and  basalts,  erupted 
approximately  13  m.y.  ago.  The  erup- 
tions occurred  along  an  east-west  trend- 
ing zone,  paralleling  the  Nankai  Trough 
which  is  believed  to  be  a  paleo-subduc- 
tion  zone  (Fig.  22).  The  zonal  distribution 
and  simultaneous  volcanic  activity  along 
the  Setouchi  volcanic  belt  seem  to  imply 
that  subduction  of  oceanic  lithosphere, 
i.e.,  the  Philippine  Sea  Plate,  beneath 
southwestern  Japan  occurred  in  the  mid- 
dle Miocene.  The  Setouchi  volcanic  belt 
extends  to  at  least  700  km  in  length  (Fig. 
23). 

In  the  volcanic  belt  at  Osaka,  eastern 
Setouchi,  and  in  the  western  Setouchi 
region,  high-magnesium  andesite  occurs 
along  with  associated  basalt.  At  Sho- 
doshima  island  in  the  eastern  Setouchi 
region,  voluminous  porphyritic  andesite, 
i.e.,  two-pyroxene  andesite  and  horn- 
blende andesite,  were  extruded  along  with 


high-magnesium  andesite  and  basalt 
(Tatsumi,  1982b). 

Petrographically,  the  high-magnesium 
andesites  are  for  the  most  part  aphyric 
and  have  major  element  compositions  in- 
dicating that  they,  cannot  be  produced  by 
mixing  between  silicic  and  more-mafic 
lava.  The  lack  of  any  disequilibrium  tex- 
ture in  porphyritic  minerals  in  the  sam- 
ples studied  supports  this  supposition. 

Results 

K,  Rb,  and  Sr  concentrations  for  the 
Setouchi  rocks  are  given  in  Table  3.  The 
most  striking  feature  is  the  extraordi- 
narily high  Rb  contents  for  both  primi- 
tive and  evolved  andesites  from 
Shodoshima,  in  the  eastern  Setouchi  re- 
gion. These  high  Rb  contents  result  in 
low  K/Rb  ratios,  even  for  unfractionated 
high-magnesium  andesites.  The  Rb  con- 
tents of  Setouchi  andesites  from  other 
regions  range  from  41.5  ppm  to  60.8  ppm, 
in  the  normal  range  for  orogenic  andes- 
ites. The  high  alkali  contents  for  the  Sho- 
doshima samples  may  require  either  the 
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Fig.  23.     Distribution  of  the  Setouchi  volcanic  rocks.  A,  Osaka  region;  B,  Eastern  Setouchi  region; 
C,  Western  Setouchi  region. 


involvement  of  alkali-rich  phases,  such  as 
phlogopite,  in  the  partial  melting  process 
or  the  influx  of  alkaline-rich  fluid  into  the 
magma. 

Nd  and  Sr  isotopic  results  are  listed  in 
Table  3.  The  initial  87Sr/86Sr  ratios  cor- 
rected for  their  13-m.y.  ages,  have  a  lim- 
ited range  from  0.70487  to  0.70537  for 
the  andesite,  and  from  0.70408  to  0.70468 
for  the  basalt.  143Nd/144Nd  ratios  show  a 
range  of  from  0.512477  to  0.512697  for 
the  andesite  and  from  0.512695  to  0.512830 
for  the  basalt.  The  Sr  and  Nd  isotopic 
results  are  shown  in  Fig.  24  together  with 
the  "mantle  array"  defined  by  oceanic 
basalts.  All  of  the  Setouchi  volcanic  rocks 
show  an  overall  negative  correlation  and 
fall  within  the  mantle  array.  The  most 
important  feature  to  be  noted  is  that  the 
basalts  and  andesites  plot  in  completely 
separate  fields  in  Fig.  24. 

In  contrast  to  these  data,  Quaternary 
volcanic  rocks  in  northern  Japan  have 
lower  87Sr/86Sr  (from  0.7027  to  0.7042) 
and  higher  143Nd/144Nd  (from  0.51310  to 
0.51274)  (Nohda  and  Wasserburg,  1981) 
(Fig.  24).  Nohda  and  Wasserburg  (1981) 


proposed  that  the  isotopic  variation  they 
measured  for  volcanics  from  central  Ja- 
pan reflects  assimilation  of  old  crustal 
basement  by  the  magmas.  The  results  for 
the  Setouchi  samples  are  difficult  to  rec- 
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Fig.  24.  Nd  vs.  Sr  isotopic  composition  for  Jap- 
anese rocks.  Circles,  E.  Setouchi;  triangles,  W. 
Setouchi;  squares,  Osaka;  diamonds,  central  and 
northern  Japan  (data  from  Nohda  and  Wasserburg, 
1981).  Solid  symbols  represent  data  for  andesites; 
open  symbols  are  basalts.  All  data  lie  within  the 
array  denned  by  ocean-island  basalts  as  shown  by 
the  sloping  lines. 
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oncile  with  such  a  crustal  assimilation 
model.  Despite  a  factor-of-two  enrich- 
ment in  Rb  content  of  the  andesites  from 
Shodoshima,  no  systematic  correlation  is 
observed  between  the  Rb  enrichment  and 
isotopic  variation.  Furthermore,  the  ma- 
jor element  data  for  the  basalts  and  high- 
magnesium  andesites  from  the  Setouchi 
region  are  inconsistent  with  the  presence 
of  large  amounts  (—30-40%)  of  crustal 
component  that  would  be  required  to  ex- 
plain the  isotopic  characteristics  of  these 
samples.  Based  upon  the  experimental, 
petrological,  and  chemical  studies  of  the 
Setouchi  high-magnesium  andesites 
(Tatsumi  and  Ishizaka,  1982b;  Tatsumi, 
1982a)  and  for  the  reasons  mentioned 
above,  we  feel  that  the  isotopic  compo- 
sitions determined  for  these  rocks  rep- 
resent the  isotopic  composition  of  their 
source  regions  in  the  southern  Japan 
subcontinental  mantle. 

Discussion 

Tatsumi  and  Ishizaka  (1981,  1982b)  and 
Tatsumi  (1981,  1982a)  determined  that, 
in  the  Setouchi  volcanic  belt,  some  high- 
magnesium  andesites  represent  primary 
andesitic  magma  generated  by  partial 
melting  of  peridotitic  mantle.  Moreover, 
on  the  basis  of  petrographic  observation 
of  basalt  and  andesite  of  simultaneous 
eruption,  Tatsumi  and  Ishizaka  (1982a) 
showed  that  the  andesite  could  not  be 
derived  from  the  basaltic  magma  by  frac- 
tional crystallization.  These  results  in- 
dicate that  the  andesite  and  basalt  must 
have  been  generated  independently  in  the 
sub-crustal  mantle  beneath  southwest 
Japan.  Nd  and  Sr  isotopic  data  for  the 
andesites  and  basalts  are  in  harmony  with 
the  results  of  petrographic  and  experi- 
mental study.  The  basalts  consistently 
have  lower  87Sr/86Sr  and  higher  143Nd/ 
144Nd  ratios  than  the  andesitic  samples. 
According  to  the  melting  experiments  on 
the  andesite  (SD  261,  equivalent  to  SD 
265)  and  associated  basalt  (SD  438)  con- 
ducted by  Tatsumi  (1982a),  at  approxi- 
mately the  same  pressure,  the  basalt 
equilibrates  with  mantle  material  at 


higher  temperature  than  the  andesite 
(Fig.  25).  This  may  suggest  that  the  bas- 
altic magmas  were  produced  at  greater 
depths  in  the  mantle  at  higher  temper- 
atures than  were  required  to  generate 
the  andesitic  magmas.  If  this  interpre- 
tation of  the  experimental  melting  data 
is  correct,  the  isotopic  results  indicate 
the  presence  of  a  chemically  and  isotop- 
ically  stratified  mantle  beneath  the  Se- 
touchi volcanic  belt. 

Petrographic,  experimental,  and  iso- 
topic data  suggest  the  following  scenario 
for  the  Setouchi  volcanics.  Basaltic  mag- 
mas were  generated  in  the  deeper  mantle 
with  low  87Sr/86Sr  and  high  143Nd/144Nd 
ratios,  then  ascended  and  penetrated  into 
hydrous,  uppermost  mantle  character- 
ized by  higher  87Sr/86Sr  and  lower  143Nd/ 
144Nd  ratios.  The  heat  of  the  basaltic 
magma  partially  melted  the  hydrous 
mantle,  to  produce  andesitic  liquid.  Most 
of  the  basaltic  magma  could  not  ascend 
to  the  surface  because  of  heat  loss.  This 
may  explain  the  scarcity  of  the  basalt 
compared  to  a  large  amount  of  exposed 
andesite  in  the  Setouchi  volcanic  belt. 

Takahashi  (1981)  also  proposed  a  sim- 
ilar model  for  the  origin  of  calc-alkaline 
andesites  on  the  basis  of  the  thermal  his- 
tory of  Ichinomegata  lherzolite  xeno- 


2  noo 


B  CASE  B 


5  10  15  20  25 

PRESSURE  (kbar) 

Fig.  25.  Conditions  of  generation  of  the  high- 
magnesian  andesite  (HMA)  TGI,  the  HMA  SD-261, 
and  the  basalt  SD-438.  They  can  be  formed  under 
any  P-T-K20  conditions  along  the  solid  line  AB  and 
its  extension  (broken  line).  (After  Tatsumi,  1982a.) 
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liths.  Thus,  this  type  of  mechanism  to 
produce  calc-alkaline  andesitic  magma 
could  be  important  in  the  origin  of  oro- 
genic  andesite. 

Most  calc-alkaline  andesites  occurring 
in  orogenic  zones,  however,  are  not  pri- 
mitive high-magnesium  andesite  with  high 
MgO/FeO,  but  are  evolved  porphyritic 
andesite  with  low  MgO/FeO.  So,  another 
important  problem  relevant  to  orogenic 
andesite  genesis  remains:  whether  these 
porphyritic  andesites  are  the  fractional 
crystallization  product  of  basaltic  magma 
or  primary  high-magnesium  andesitic 
magma.  On  Shodoshima  island,  a  large 
amount  of  evolved  porphyritic  andesite 
was  erupted  along  with  the  primitive 
basalt  and  high-magnesium  andesite 
(Tatsumi  1982b).  As  seen  in  Table  3,  Nd 
and  Sr  isotopic  ratios  for  these  porphyr- 
itic andesites  are  comparable  to  the  high- 
magnesium  andesite  but  are  distinct  from 
the  basalt.  The  slightly  different  isotope 
ratios  from  the  high-magnesium  andes- 
ites may  be  due  to  possible  upper  crustal 
contamination  in  the  magma  reservoir. 
Along  with  Rb  contents  of  the  same  or- 
der of  magnitude,  this  indicates  that  the 
porphyritic  andesites  could  be  the  result 
of  fractional  crystallization  of  primary 
high-magnesium  andesitic  magma.  Crys- 
tallization of  a  small  amount  of  olivine, 
magnesian  orthopyroxene,  and/or  clino- 
pyroxene  present  in  the  high-magnesium 
andesite  magma  would  drastically  de- 
crease Ni,  Cr,  and  MgO  content,  yielding 
evolved  porphyritic  andesite. 

Combined  experimental,  petrogra- 
phic,  and  isotopic  data  show  that  primary 
high-magnesium  andesite  magma  could 
be  generated  in  the  uppermost  mantle 
by  the  intrusion  of  hot  basaltic  magma 
derived  from  a  deeper  region  in  the  man- 
tle. Evolved  porphyritic  andesites  can 
then  be  easily  derived  by  the  fractional 
crystallization  of  primary  andesitic 
magma. 
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subduction  of  one  lithospheric  plate  be- 
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neath  another.  Significant  volumes  of  sil- 
ica-rich volcanic  rocks — dacites, 
rhyodacites,  and  rhyolites — are,  how- 
ever, generally  erupted  only  in  volcanic 
arcs  along  continental  margins.  More- 
over, large  volumes  of  rhyolite,  which 
have  been  erupted  within  continents,  ap- 
pear to  have  no  relation  at  all  to  conver- 
gent plate-margin  processes.  These 
factors  suggest  a  genetic  relationship  be- 
tween silicic  volcanism  and  continental 
crust,  but  the  nature  of  this  relationship 
is  unclear.  Processes  which  can  produce 
silica-rich  magmas  include  partial  fusion 
of  silicic  material  (i.e.,  preexisting  con- 
tinental crust)  and  differentiation  of  a 
more  mafic  (and  possibly  mantle-de- 
rived) magma.  A  third  possibility,  that 
of  extensive  fractional  crystallization  of 
mafic  magma  accompanied  by  heating  and 
assimilation  of  wall  rock  material,  is  a 
blend  of  the  first  two  mechanisms.  All 
three  mechanisms  can  yield  silicic  mag- 
mas quite  similar  in  major  element  com- 
position. However,  in  principle,  the  three 
might  be  distinguished  by  trace  element 
and  isotope  studies. 

The  present  investigation  of  silicic  vol- 
canic rocks  from  south-central  Chile  and 


Mexico  generated  above  circum-Pacific 
subduction  zones,  tests  petrogenetic 
models  involving  crustal  fusion,  deriva- 
tion from  mafic  or  intermediate  magmas, 
and  complex  interactions  of  these  mag- 
mas with  continental  crust.  The  study 
adds  Pb  isotope  data  to  the  available  ma- 
jor, trace  element,  and  Sr  isotope  data. 

Lead  Isotope  Results 

The  Pb  isotopic  compositions  of  two 
dacitic  ash-flow  tuffs  and  an  andesitic  lava 
from  the  Calabozos  caldera  in  south-cen- 
tral Chile  (Table  4;  Fig.  26)  are  nearly 
identical.  The  Pb  isotopic  composition  is 
quite  similar  to  Pb  in  andesites  and  high- 
alumina  basalts  from  six  Quaternary 
stratovolcanoes  of  south-central  Chile 
(Barreiro,  1982)  and  from  Tertiary  ig- 
neous rocks  and  ores  from  the  Disputada 
Mine  near  Santiago  (Tilton,  1979).  The 
Sr  isotopic  composition  of  the  tuffs  (87Sr/ 
86Sr  =  0.7043,  Hildreth  et  al.,  1981)  is 
also  very  similar  to  published  analyses 
for  basalts  and  hornblende  andesites  from 
this  region  (Klerkx  et  al. ,  1977;  Stern  and 
Futa,  1982). 

The  Pb  isotopic  compositions  of  seven 


TABLE  4.     Lead  Isotope  Ratios  of  Silicic  and  Intermediate  Volcanic  Rocks  from  South-Central  Chile 

and  Western  Mexico 


Sample 

Rock  Type 

Si02* 

206pb/204pb  + 

207Pb/204pb  + 

208Pb/204Pb+ 

Calabozos  Caldera,  South-Central  Chile 

LS33 

dacite  tuff 

68.0 

18.651 

15.596 

38.545 

LS36 

dacite  tuff 

68.1 

18.638 

15.585 

38.517 

LS48 

andesite  lava 

56.9 

18.655 

15.601 

38.547 

Sierra  Madre  Occidental- 

-Batopilas  Region 

MX7526 

andesite  lava 

60.5 

18.855 

15.590 

38.535 

MXU7616 

andesite  lava 

61.0 

18.856 

15.648 

38.691 

MX7528 

andesite  lava 

62.4 

18.858 

15.600 

38.569 

MXY7618 

andesite  lava 

65.2 

18.848 

15.594 

38.557 

MX7530 

dacite  lava 

67.6 

18.858 

15.597 

38.572 

M172 

rhyolite  ash  flow 

71.5 

18.889 

15.625 

38.656 

MXU7615 

rhyolite  ash  flow 

72.1 

18.849 

15.593 

38.551 

MX7522 

rhyolite  ash  flow 

73.5 

18.877 

15.621 

38.634 

M161 

rhyolite  ash  flow 

74.7 

18.847 

15.615 

38.626 

M220 

rhyolite  lava 

74.9 

18.859 

15.590 

38.555 

MXY7617 

rhyolite  lava 

75.4 

18.877 

15.613 

38.620 

*In  wt  %.  Si02  contents  from  published  and  unpublished  data. 

tMeasured  ratios  are  normalized  to  NBS  982;  the  correction  is  0.13%  per  amu  for  20KPb/2llliPb,  0.11% 
for  ^Pb/^Pb,  and  0.08%  per  amu  for  ^Pb/^Pb.  The  within-run  2a  errors  for  the  vast  majority  of  the 
runs  do  not  exceed  0.02%  for  2°*Pb/206Pb  and  207pb/206Pb>  or  0  08%  for  zo4Pb/206Pb 
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W.  Long. 

70  69 


18.5      18.6      18.7 
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Fig.  26.  The  Calabozos  caldera,  located  just  east  of  the  active  volcanic  arc  (triangles)  in  central  Chile, 
is  the  source  region  for  greater  than  800  km3  of  the  Loma  Seca  ash-flow  tuff.  The  tuffs  are  compositionally 
zoned,  orthopyroxene,  clinopyroxene,  and  plagioclase-bearing  dacites  with  lesser  amounts  of  magnetite, 
ilmenite,  apatite,  zircon,  and  rare  biotite.  Lead  isotopic  compositions  of  two  dacite  tuffs  and  an  overlying 
andesitic  lava  (solid  circles)  are  plotted  along  with  data  from  other  Quaternary  andesites  and  basalts 
(squares)  (Barreiro,  1982),  and  Tertiary  igneous  rocks  and  ores  from  the  Disputada  Mine  region  near 
Santiago  (open  circles)  (Tilton,  1979).  Shown  schematically  by  the  heavy  lines  are  Pb  isotopic  compositions 
of  Nazca  Plate  basalts  (Unruh  and  Tatsumoto,  1976)  and  the  trend  of  the  Galapagos  Islands  (White, 
1979).  The  thin  lines  enclose  the  fields  of  metalliferous  sediments  (lower  values  of  206Pb/204Pb)  (Dasch, 
1981)  and  pelagic  sediments  (higher  2"HPb/2"4Pb  ratios;  Chow  and  Patterson,  1962)  from  the  Nazca  Plate. 


andesite-to-rhyolite  lavas  and  four  ash- 
flow  tuffs  from  the  Batopilas  region  of 
Sierra  Madre  Occidental  of  western  Mex- 
ico are  remarkably  homogenous.  No  sig- 
nificant differences  in  Pb  isotopic 
composition  are  observed  in  lavas  rang- 
ing in  composition  from  andesite  to  high- 
silica  rhyolite,  nor  between  lavas  and  ash- 
flow  tuffs.  Similarly,  Lanphere  and  oth- 
ers (1980)  noted  that  there  is  no  system- 
atic variation  of  87Sr/86Sr  initial  ratio 
(ranging  from  0.7042  to  0.7050,  median 
equal  to  0.7047)  with  Si02  or  Sr  content 
or  with  Rb/Sr. 

The  similarity  in  both  Pb  and  Sr  iso- 
topic composition  between  the  silicic  ash- 
flow  tuffs  and  nearby  andesites,  basaltic 
andesites,  and  basalts  (in  Chile)  for  both 
the  Calabozos  caldera  and  the  Sierra 


Madre  Occidental  is  consistent  with  mod- 
els which  account  for  the  ignimbrites  by 
differentiation  of  more  mafic  magmas 
without  significant  further  interaction 
with  the  continental  crust.  M.  Cameron 
and  others  (1980)  favor  such  a  model  for 
the  Sierra  Madre  Occidental  based  on 
major,  trace,  and  rare  earth  element  data 
for  rocks  from  the  Batopilas  region,  and 
they  propose  that  fractional  crystalliza- 
tion was  the  most  important  process  gov- 
erning the  differentiation  of  the  magmas. 
If  fractional  crystallization  was  accom- 
panied by  assimilation  of  wall  rock  ma- 
terial, the  Pb  and  Sr  isotope  data  rule 
out  old  Precambrian  continental  crust  as 
a  possible  candidate  for  the  basement 
material.  North  American  ignimbrites 
which  have  experienced  interaction  with 
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old  continental  crust  (e.g.,  Yellowstone, 
Doe  et  al.,  1982;  San  Juan  Mountains, 
Colorado,  Lipman  et  al.,  1978)  display 
variable  and  radiogenic  Sr  isotopic  com- 
positions and  extremely  variable  Pb  iso- 
topic compositions  which  often  form  linear 
arrays  on  Pb-Pb  correlation  diagrams. 
The  absence  of  such  effects  in  the  Sierra 
Madre  Occidental,  equivalent  in  age  to 
the  San  Juan  Mountains,  may  support 
the  suggestion  of  Anderson  and  Silver 
(1975)  that  the  Precambrian  craton  does 
not  extend  into  this  region  of  western 
Mexico.  The  isotopic  or  geochemical  data 
do  not  preclude  the  possibility  of  small 
amounts  of  assimilation  of  young  (Me- 
sozoic  or  Tertiary)  continental  crust; 
however,  the  data  do  suggest  that  the 
relative  importance  of  crustal  contami- 
nation as  a  petrogenetic  process  is  sec- 
ondary in  these  two  examples  to  another 
differentiation  mechanism. 

If  the  effects  of  crustal  contamination 
on  the  differentiating  magmas  are  small, 
then  the  isotopic  compositions  of  Pb  and 
Sr  in  the  volcanic  rock  suites  (basalts  to 
rhyolites)  may  identify  the  major  sources 
of  the  primary  magma.  The  Cenozoic  ig- 


neous rocks  and  ores  from  south-central 
Chile  (Fig.  26)  have  the  same  206Pb/204Pb 
values  as  Nazca  Plate  basalts  (Unruh  and 
Tatsumoto,  1976),  but  higher  values  of 

207pb/204pb  and  208pb/204pb    Thig  mles  Qut 

Nazca  Plate  basalts  or  MORB-type  sub- 
oceanic  mantle  as  the  source  for  all  the 
Pb  in  these  rocks.  One  possible  compo- 
nent with  the  required  isotopic  charac- 
teristics is  Pb  from  the  subducted 
sediments  of  the  Nazca  Plate  (Chow  and 
Patterson,  1962;  Dasch,  1981),  whose  iso- 
topic compositions  overlap  those  of  the 
south-central  Chile  data  (Fig.  26).  The 
relative  homogeneity  of  Sr  and  Pb  iso- 
topic composition  over  vast  geographical 
distances  and  many  varieties  of  base- 
ment rock  types  (possibly  ranging  in  age 
from  late  Precambrian  to  Mesozoic)  is 
striking.  Generation  of  primary  southern 
Andean  magmas  by  partial  melting  or 
dehydration  of  the  subducted  Nazca  Plate 
(peridotite,  gabbro,  basalt,  and  sedi- 
ment) is  one  model  consistent  with  the 
observed  isotopic  variations.  This  model 
accounts  for  the  absolute  values  and  the 
small  ranges  of  Pb  and  Sr  isotopic  ratios 
better  than  models  involving  great 
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Fig.  27.  The  Upper  Volcanic  Group  of  the  Sierra  Madre  Occidental  contains  thick  (up  to  one  kilometer), 
primarily  rhyolitic  ignimbrites  and  minor  andesite,  dacite,  and  rhyolite  lava  flows,  and  covers  an  area 
of  250,000  km2  in  western  Mexico.  The  rocks  were  erupted  about  30  m.y.  ago  presumably  above  an 
eastward-dipping  subduction  zone  which  existed  beneath  western  Mexico  in  mid-Tertiary  time.  The  Pb 
isotopic  compositions  of  seven  lavas  ranging  in  composition  from  andesite  to  rhyolite  and  four  rhyolite 
tuffs  are  shown.  Although  no  correction  has  been  made  for  the  addition  of  radiogenic  Pb  since  the  eruption 
of  the  rocks,  the  correction  would  be  quite  small  for  rocks  this  young  (on  the  order  of  0. 1  in  the  ratios 
206Pb/204pb  and  208Pb/204Pb  for  rather  higher  values  of  »W204Pb  =  20).  The  Pb  data  for  Tertiary  ores 
from  Mexico  (Cumming  et  al.,  1979)  are  also  shown. 
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amounts  of  interaction  with  continental 
crust  or  enriched  subcontinental  mantle. 
The  Pb  and  Sr  isotopic  data  for  the 
volcanic  rocks  of  the  Sierra  Madre  Oc- 
cidental place  even  fewer  constraints  in 
the  interpretation  of  the  sources  of  the 
parental  magma.  The  initial  Sr  isotopic 
ratios  are  somewhat  high  compared  to 
ratios  measured  in  intraoceanic  island- 
arc  lavas,  but  they  are  still  within  the 
range  of  values  measured  in  oceanic  is- 
land basalts  from  enriched  mantle  sources. 
The  Pb  isotopic  compositions  of  the  Sierra 
Madre  Occidental  volcanic  rocks  are 
within  the  range  of  values  delineated  by 
Doe  and  Zartman  (1979)  for  primitive  and 
mature  island  arcs,  pelagic  sediments,  and 
noncratonized  continental  crust,  and  thus 
are  not  unique  fingerprints  of  any  one 
source  material.  Mixing  of  Cenozoic  man- 
tle Pb  and  Precambrian  crustal  Pb  was 
proposed  by  Cumming  and  others  (1979) 
to  produce  the  Pb  in  Mexican  ore  depos- 
its (Fig.  27).  They  suggest  that  the  crus- 
tal component  plays  a  subordinate  role. 
This  interpretation  is  compatible  for  the 
volcanic  rocks  as  well,  as  long  as  the  crus- 
tal component  is  younger  than  Precam- 
brian. In  that  case,  however,  the  isotope 
data  indicate  that  mixing  occurred  be- 
tween a  parental  magma  and  the  crust, 
before  the  differentiation  of  the  entire 
sequence. 
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The  Late  Cenozoic  volcanism  of  the 
Dominican  Republic  and  Haiti  occurs  as 
several  individual  eruptive  centers,  each 
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delineated  on  the  basis  of  petrographic 
features,  major  element  chemistry,  and 
the  isotopic  composition  of  strontium. 
Eruptive  centers  are  aligned  along  an 
east-to-west  trend  across  the  island  of 
Hispaniola  (see  Fig.  28). 

Potassium-argon  ages  from  the  var- 
ious centers  range  from  0.8  to  2.4  m.y. 
(Nagle,  1980,  personal  communication; 
Westercamp,  1980,  personal  communi- 
cation), so  that  all  eruptive  centers  ap- 
pear contemporaneous.  All  Late  Cenozoic 
volcanics  are  slightly  alkalic  but  those  of 
the  Valle  Nuevo  and  Yayas  de  Viajama 
centers  are  more  calc-alkalic  according  to 
the  definition  of  Peacock  (1931).  Chemi- 
cal contrast  is  seen  between  these  and 
the  undersaturated  mafic  alkalic  types  of 
the  western  Dominican  Republic  and 
Haiti.  Detailed  field  mapping  and  air- 
photo interpretation  indicates  a  relation- 
ship between  post-Miocene  fault  pat- 
terns and  the  location  of  the  Late  Cenozoic 
volcanic  centers.  Left-lateral  transcur- 
rent  motion  along  the  Northern  Carib- 
bean Plate  Boundary  Zone  has  created 
compressional  and  extensional  conjugate 
fault  groups  throughout  Hispaniola  (Burke 
et  al.,  1978).  Late  Cenozoic  volcanic  cen- 
ters are  located  parallel  to  these  faults 
or  are  concentrated  at  the  intersection 
of  fault  pairs. 

Strontium  isotopic  data  were  obtained 
for  whole-rock  samples  on  the  six-  and 
nine-inch  mass  spectrometers  at  DTM. 
All  data  are  normalized  to  an  86Sr/88Sr  = 
0.1194  and  corrected  to  the  Eimer  + 
Amend  standard  87Sr/86Sr  =  0.7080.  Ru- 
bidium and  strontium  concentrations  were 
determined  using  isotope  dilution.  Due 
to  the  low  Rb/Sr  and  young  age  of  these 


Fig.  28.     Geologic  sketch  map  of  Late  Cenozoic 
volcanic  provinces  of  Hispaniola. 


volcanics,  no  age  corrections  to  87Sr/86Sr 
have  been  made. 


Results 

The  Late  Cenozoic  volcanics  of  His- 
paniola display  a  wide  range  in  Sr  iso- 
topic compositions  from  ^Sr/^Sr  =  0.7043 
to  0.7080  (Table  5).  Alkalic  basalts  have 
consistently  higher  87Sr/86Sr  compared  to 
those  of  the  calc-alkaline  trend  (Fig.  28). 
All  of  these  Hispaniola  volcanics  have 
anomalously  high  Sr  concentrations 
ranging  from  1240  to  3540  ppm.  There  is 
a  noticeable  positive  correlation  between 
87gr/86gr  an(j  gr  an(j  gjQ2  concentration 

in  the  calc-alkaline  series,  whereas  the 
alkalic  basalts  show  considerably  less  of 
a  positive  slope  in  87Sr/86Sr  vs.  Si02  con- 
tent and  a  negative  correlation  between 
87Sr/86Sr  and  Sr  concentration  (Fig.  29). 

Discussion 

The  generation  of  Late  Cenozoic  mag- 
mas in  Hispaniola  is  complicated  by  sev- 
eral tectonic  elements  operative  along  the 
Northern  Caribbean  Plate  Boundary 
Zone.  Seismic  studies  in  this  region  (Mol- 
nar  and  Sykes,  1969;  Bracey  and  Vogt, 
1970)  indicate  the  presence  of  an  oblique 
subduction  zone  converging  beneath  the 
northeastern  part  of  Hispaniola.  The 
obliquely  converging  plate  subducts  at  a 
slow  rate  of  approximately  2  cm/yr,  ac- 
cording to  Schell  and  Tarr  (1978),  and  is 
offset  in  several  places  by  hinge  faults 
(Bracey  and  Vogt,  1970).  The  presence 
of  a  paired  metamorphic  belt  in  northern 
Hispaniola  records  evidence  of  Creta- 
ceous through  Eocene  subduction  along 
the  north  coast  (Nagle,  1974).  The  change 
from  convergent  to  transcurrent  motion 
in  Late  Cretaceous  or  Early  Tertiary  time 
may  have  been  enhanced  by  the  rise 
(partly  isostatic)  of  this  early  subduction 
complex  now  exposed  in  the  northeast 
corner  of  the  Dominican  Republic  (Perfit 
etal.,  1980). 

Chemical  and  strontium  isotopic  char- 
acteristics indicate  two  different  but  con- 
temporaneous magma  sources  for  the  Late 
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TABLE  5.     Chemical  and  Isotopic  Analyses  of  Late  Cenozoic  Volcanics  of  Hispaniola 


Sample 


SiO, 


K20 


Rb 


K/Rb 


Sr 


7Sr/86Sr 


Basaltic  andesites 


YA12 
YA16 

50.1 

54.7 

2.21 
3.12 

0.70475  +  7 
0.70487  ±4 

YA5 

53.8 

2.07 

0.70454  +  14 

PLC30 

51.2 

1.85 

28 

656 

1237 

0.70437  ±9 

PLC3 

54.5 

2.66 

24 

1082 

1782 

0.70896  ±12 

PLC6 

55.6 

2.75 

38 

722 

1848 

0.70515  ±10 

PLC10 

55.3 

2.73 

37 

720 

1796 

0.70498  ±3 

Trachyandesites 

YA1 

63.7 

3.54 

0.70524  ±8 

Y10 

YA13 

YA15 

59.3 
59.2 
60.4 

3.11 
3.61 
3.60 

0.70512  ±4 
0.70509  ±3 
0.70506  ±9 

LDHW 

59.9 

3.59 

55 

657 

2698 

0.70528  ±8 

PLC1 

56.6 

2.43 

47 

518 

1643 

0.70494  ±12 

PLC13 

56.5 

3.22 

42 

760 

1591 

0.70450  ±9 

PLC14 

55.6 

2.92 

44 

659 

1750 

0.70496  ±9 
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Fig.  29.  Relation  of  chemical  variation  to  Sr 
isotopic  composition  for  volcanics  of  Hispaniola.  Data 
for  all  alkalic  samples  from  Michael  et  al.  (1978). 


Cenozoic  volcanics  of  Hispaniola.  There 
are  several  possible  mechanisms  to  ex- 
plain the  enrichment  in  radiogenic  stron- 
tium shown  in  both  magmatic  suites.  The 
addition  of  volatile-rich  fluids  from  sub- 
ducting oceanic  basalts  and  sediments  has 
been  proposed  as  a  strontium  enrichment 
mechanism  (Wadge  and  Wooden,  1981). 
In  this  case  metasomatic  addition  of  sea- 
water  to  the  peridotitic  source  melts  is 
involved.  The  validity  of  this  idea  for  the 
Hispaniola  volcanics  will  be  tested  with 
future  neodymium  analyses. 

The  case  for  crustal  contamination  of 
the  alkalic  basalts  has  been  examined  by 
Michael  et  al.  (1978).  Mixing  calculations 
based  on  a  variety  of  theoretical  contam- 
inants including  limestones  indicate  un- 
usually high  mixing  ratios  required  to 
account  for  the  observed  strontium  en- 
richment. A  positive  correlation  between 
87gr/86gr  anc|  Rk/gr  would  suggest  as- 
similation of  crustal  material  due  to  the 
enrichment  of  rubidium  in  the  crust  rel- 
ative to  the  mantle.  The  alkalic  basalts 
show  no  systematic  relationship  with  re- 
spect to  these  parameters,  while  the  calc- 
alkaline  types  show  a  covariance  but  over 
a  narrow  range  of  87Sr/86Sr.  The  case  for 
crustal  contamination  does  not  appear  to 
be  favorable  owing  to  the  large  amounts 
of  contaminant  required  to  produce  the 
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strontium  enrichment  shown  in  these 
volcanics.  The  possibility  of  carbonate 
assimilation,  especially  aragonite-rich 
limestones,  must  be  evaluated  further, 
but  relatively  high  thorium  and  uranium 
values  of  some  of  the  calc-alkaline  rocks 
from  Valle  Nuevo  (Donnelly  and  Rogers, 
1978)  argue  against  the  importance  of 
carbonate  assimilation.  Uranium  and 
thorium  concentrations  and  Th/U  greater 
than  4  for  the  calc-alkaline  types  also  limit 
the  importance  of  a  contribution  from  the 
lower  crust  of  this  island  arc.  High  K/Rb 
ratios  for  the  calc-alkaline  volcanics  and 
low  Rb/Sr  ratios  argue  against  phlogo- 
pite  as  a  hydrous  phase  in  the  magmatic 
source,  since  melting  of  phlogopite  would 
raise  the  Rb/Sr  ratios.  It  should  be  noted 
that  mid-Tertiary  basalts  and  andesites 
also  show  strontium  enrichment,  but  to 
a  lesser  degree  than  do  the  Late  Ceno- 
zoic  eruptives. 
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Chemical  and  Isotopic 

Characteristics  of  Late  Cenozoic 

Volcanism  in  the  Northwestern 

U.S.A. 

William  K.  Hart  and  Richard  W.  Carlson 

The  Late  Cenozoic  geologic  history  of 
the  northwestern  U.S.A.  is  dominated 
by  voluminous  volcanism  associated  with 
the  Cascade  (calc-alkaline),  Columbia 
River  (quartz  tholeiite),  Basin  and  Range 
(bimodal  basalt-rhyolite),  and  Snake  River 
(olivine  tholeiite)  provinces.  An  addi- 
tional sub-province,  located  in  the  ex- 
treme northwestern  Basin  and  Range, 
was  originally  denned  by  Waters  (1962) 
as  the  Oregon-Modoc  Plateau  (Fig.  30). 
This  region  is  the  subject  of  ongoing  in- 
vestigation, as  described  in  this  report, 
because  it  shows  overlapping  tectonic, 
geochronologic,  and  geochemical  fea- 
tures with  those  of  the  other  four  prov- 
inces. The  most  striking  feature  of  the 
Oregon-Modoc  Plateau  is  the  widespread 
occurrence  of  a  distinctive  low-K,  high- 
alumina  olivine  tholeiite  magma  type 
(HAOT)  with  many  petrographic  and 
chemical  features  strongly  resembling 
those  of  mid-ocean  ridge  and  back-arc 
basin  basalts  (Hart,  1981a,b).  Akaline 
olivine  basalts  (AOB),  more-evolved 
tholeiites  (transitional  basalts,  TB),  and 
both  high-  and  low-Si02  rhyolites  are  also 
erupted  throughout  this  region  (Table  6). 


\  IOO  km 

">    MONTANA 


Fig.  30.     Geographic  extent  of  major  Cenozoic 
volcanic  provinces  of  the  northwestern  U.S. 
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TABLE  6.     Chemical  Summary* 


Sample 

HAOT 

TB 

AOB 

SROT 

RL 

RH 

ML 

Si02 

47.82 

47.40 

47.77 

46.90 

68.87 

73.09 

59.59 

Ti02 

1.02 

1.84 

2.19 

2.69 

0.72 

0.43 

1.45 

A120, 

17.02 

16.02 

16.16 

15.06 

13.87 

12.45 

15.95 

FeO* 

9.74 

11.36 

10.81 

13.47 

4.08 

2.90 

6.65 

MnO 

0.17 

0.18 

0.17 

0.20 

0.07 

0.03 

0.16 

MgO 

9.03 

8.03 

7.44 

7.63 

1.32 

0.22 

2.00 

CaO 

11.11 

10.93 

9.51 

10.03 

2.55 

1.00 

4.66 

Na20 

2.73 

2.57 

3.13 

2.53 

2.83 

3.17 

5.13 

K20 

0.23 

0.40 

1.15 

0.61 

4.12 

5.07 

1.59 

P205 

0.12 

0.28 

0.38 

0.58 

0.13 

0.07 

0.33 

Rb 

2.4 

5 

20 

9.3 

143 

161 

27 

Sr 

269 

243 

502 

284 

258 

115 

473 

Ni 

146 

125 

107 

104 

22 

<DL 

5 

Ba 

141 

291 

357 

378 

1024 

1482 

850 

Zr 

93 

152 

234 

244 

299 

502 

250 

*HAOT,  low-K,  high-alumina  olivine  tholeiite;  TB,  transitional  tholeiite;  AOB,  alkaline  olivine  basalt; 
SROT,  Snake  River  olivine  tholeiite;  RL,  low-Si02  rhyolite;  RH,  high-Si02  rhyolite;  all  from  compilations 
in  Hart  (1981b).  ML,  Medicine  Lake  andesite  (ML-74-19),  from  Mertzman  (1977).  All  major  elements  in 
wt  %,  trace  elements  in  ppm.  FeO*  =  total  Fe  as  FeO. 


Isotopic  Results 

87gr/86Sr    an(J    143Nd/144Nd    haye    been 

measured  on  selected  samples  from  the 
Cascades,  Medicine  Lake,  and  Snake 
River  Plain,  together  with  a  detailed  suite 
of  basalts  and  rhyolites  from  the  Oregon- 
Modoc  Plateau  (Table  7).  Additional 
HAOT  samples  have  been  analyzed  for 
their  Sr  isotopic  compositions  and  were 
discussed  in  last  year's  Report  (Hart, 
1981a). 

Previous  workers  (e.g.,  Doe,  1967; 
Zartman,  1974;  Armstrong  et  al.,  1977) 
have  identified  systematic  isotopic 
changes  in  Mesozoic  to  Recent  igneous 
rocks,  going  from  west  to  east  across  the 
northwestern  U.S.  This  pattern  is  es- 
pecially well  defined  by  the  Oregon-Mo- 
doc Plateau  HAOT  and  TB  lavas,  which 
range  in  isotopic  composition  from  87Sr/ 
86Sr  ~  0.7032  and  143Nd/144Nd  ~  0.5130 
in  the  western  portions  of  the  study  area 
to  87Sr/86Sr  ~  0.7074  and  143Nd/144Nd  ~ 
0.5123  in  the  more  eastern  locations.  For 
the  most  part,  this  geographically  cor- 
related isotopic  variation  is  independent 
of  lava  composition.  For  instance,  lavas 
as  diverse  as  HAOT,  andesite,  dacite, 
and  rhyolite  from  northeastern  Califor- 
nia, central  Oregon,  and  the  Cascade  chain 


all  plot  near  the  high  eNd  end  of  the  Nd- 
Sr  isotopic  range  seen  for  unquestionably 
mantle  derived  ocean-island  basalts  (Fig. 
31).  Their  location  on  the  Nd-Sr  isotopic 
plot  suggests  that  all  the  lavas  in  the 
western  extremes  of  the  study  area  were 
ultimately  derived  from  a  "depleted" 
oceanic-type  mantle.  It  is  clear  that  the 
chemical  diversity  of  these  volcanics  de- 
mands that  a  wide  variety  of  petroge- 
netic  processes  have  been  active  in 
determining  the  compositions,  from  frac- 
tional crystallization  to  magma  mixing. 
Crustal  assimilation  and/or  crustal  ana- 
texis  may  also  be  important  in  the  origin 
of  some  of  the  more-silicic  rock  types. 
The  isotopic  uniformity  of  lavas  from  the 
Cascades,  northern  California,  and  cen- 
tral Oregon,  however,  requires  that 
whatever  sections  of  preexisting  crust 
were  remobilized  during  Late  Cenozoic 
volcanism  must  have  been  similar  in  iso- 
topic composition  to  the  magmas  them- 
selves. This  in  turn  suggests  that  this 
portion  of  the  northwestern  U.S.  is  un- 
derlain by  basement  rocks  only  margin- 
ally older  than  the  Late  Cenozoic 
volcanics,  implying  that  much  of  this 
crustal  section  formed  during  Cenozoic 
crustal  extension. 
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TABLE  7.     Sr  and  Nd  Isotope  Data 


Sample  Location  and  Type 


Sample 
No. 


7Sr/86Sr* 


H3Nd/i44Nd+      eNdj 


Mt.  Hood,  Ore.;  Basalt 
Giant  Crater,  N.E.  Cal.;  HAOT 
Ash  Creek,  N.E.  Cal.;  HAOT 
Gillems  Bluff,  N.E.  Cal.;  HAOT 

Medicine  Lake,  N.E.  Cal.;  Basaltic  Andesite 

Abert  Rim,  Ore.;  Basalt 

Tennant,  N.E.  Cal.;  HAOT 

Mt.  Baker,  Wash.;  Andesite 

Spalding  Butte,  N.E.  Cal.;  HAOT 

Abert  Rim,  Ore.;  HAOT 

Medicine  Lake,  N.E.  Cal.;  Andesite 

Squaw  Butte,  Harney  Basin,  Ore.;  Rhyolite 

Adin,  N.E.  Cal.;  Basaltic  Andesite 

Lake  Almanor,  Cal.;  Andesite 

Lake  Almanor,  Cal.;  HAOT 

Blizzard  Gap,  Ore.;  AOB 

Clarke's  Butte,  S.E.  Ore.;  AOB 

Alturas,  N.E.  Cal.;  HAOT 

Grasshopper  Valley,  N.E.  Cal.;  Basaltic  Andesite 

Diamond  Craters,  Ore.;  HAOT 

Lake  Almanor,  Cal.;  HAOT 

Susan ville,  Cal.;  Basalt 

Malhuer  Cave,  S.E.  Ore.;  HAOT 

Rocky  Butte,  S.E.  Ore.;  AOB 

Snake  River  Canyon,  Murphy,  Id.;  SROT  (Bruneau) 

Grassy  Mtn.,  Lake  Owyhee,  Ore.;  HAOT 

Owyhee  River  Canyon,  Rome,  S.E.  Ore.;  TB 

Owyhee  River  Canyon,  Soldier  Cr.,  S.E.  Ore.; 

Rhyolite 
Three  Mile  Hill,  S.E.  Ore.;  AOB 
Little  Owyhee  River  Canyon,  S.E.  Ore.;  HAOT 
Murphy  Hot  Springs,  Id.;  HAOT 
Sinker  Creek,  Murphy,  Id.;  SROT 
Snake  River  Canyon,  Buhl,  Id.;  SROT  (Banbury) 
Jordan  Creek  Canyon,  S.E.  Ore.;  HAOT 

Owyhee  River  Canyon,  Soldier  Cr. ,  S.E.  Ore.;  TB 
Bruneau  River,  Falls  Hot  Springs,  Id.;  SROT 

(Chalk  Hills) 
Hwy.  51,  Eomore  Cty.,  Id.;  SROT  (Bruneau) 
Owyhee  River  Canyon,  Rome;  S.E.  Ore.;  TB 
Hwy.  51,  near  Id.-Nev.  Border;  TB 
Poole  Valley,  S.  Fork,  Owyhee  River,  Nev.;  TB 
Snake  River  Canyon,  Hagerman,  Id.;  SROT 

(Banbury) 
Little  Owyhee  River  Canyon,  S.E.  Ore.;  Rhyolite 
Three  Forks,  Owyhee  River  Canyon,  S.E.  Ore.; 

Rhyolite 


CR-2 

0.70303  ±6 

0.512944  ± 

18 

+  7.4 

GC-2B 

0.70320  ±2 

H-9-91 

0.70323  ±3 

SM-75- 

0.70340  ±4 

108 

SM-75-25 

0.70345  ±3 

0.512911  ± 

17 

+  6.7 

OR-3 

0.70347  ±8 

U237 

0.70355  ±6 

0.512902  ± 

19 

+  6.6 

B68-13 

0.70355  ±8 

0.512905  ± 

42 

+  6.6 

CA-3 

0.70356  ±2 

0.512898  ± 

17 

+  6.5 

H-9-72 

0.70362  ±4 

0.512833  ± 

40 

+  5.2 

ML-74-19 

0.70363  ±3 

0.512918  ± 

23 

+  6.9 

M3-90 

0.70370  ±6 

0.512857  ± 

31 

+  5.7 

CA-1 

0.70383  ±8* 

0.512743  ± 

22 

+  3.5 

CW-1 

0.70387  ±4* 

CW-3 

0.70387  ±7 

H-8-88 

0.70389  ±6 

0.512799  ± 

40 

+  4.6 

H-8-70 

0.70390  ±5 

0.512841  ± 

27 

+  5.4 

CA-4 

0.70390  ±7 

CW-6 

0.70406  ±4* 

0.512759  ± 

26 

+  3.8 

DC-1 

0.70418  ±9 

0.512827  ± 

21 

+  5.1 

CW-2 

0.70419  ±8 

CW-4 

0.70427  ±3 

0.512735  ± 

21 

+  3.3 

H-8-75A 

0.70462  ±5 

0.512764  ± 

22 

+  3.9 

H-8-57 

0.70486  ±4 

0.512699  ± 

14 

+  2.6 

HSR-13 

0.70491  ±5 

0.512651  ± 

17 

+  1.7 

HSR-5 

0.70525  ±7 

0.512527  ± 

31 

-0.8 

H-9-37D 

0.70541  ±5 

0.512605  ± 

14 

+  0.8 

H-9-69C 

0.70545  ±8 

H-9-49 

0.70549  ±5 

0.512599  ± 

18 

+  0.6 

H-9-27 

0.70591  ±6 

0.512622  ± 

25 

+  1.1 

H-9-6A 

0.70603  ±9 

0.512510  ± 

38 

-1.1 

H-9-13A 

0.70635  ±6 

HSR-29 

0.70641  ±2 

0.512502  ± 

31 

-1.3 

SM-75- 

0.70667  ±8 

0.512445  ± 

17 

-2.4 

12A 

H-8-69G 

0.70668  ±6 

0.512543  ± 

22 

-0.5 

HSR-27 

0.70688  ±6 

HSR-16 

0.70691  ±7 

H-9-37C 

0.70723  ±6 

0.512366  ± 

12 

-3.9 

H-9-16E 

0.70738  ±6 

0.512366  + 

38 

-3.9 

H-9-20C 

0.70741  ±5 

HSR-32 

0.70747  ±6 

0.512401  ± 

10 

-3.2 

H-9-26A 

0.70980  ±6 

H-8-33 

0.71031  ±7 

*A11  '"Sr/^Sr  values  are  initial  ratios  except  those  marked  with  asterisks.  All  values  normalized  to 
86gr/88gr  =  0.11940  and  reported  relative  to  a  value  of  0.70800  for  the  E  +  A  standard. 

tAll  143Nd/144Nd  values  normalized  to  146Nd/144Nd  =  0.7219  and  reported  relative  to  a  value  of  0.511860 
for  the  La  Jolla  Nd  standard. 

UM  =  {[(143Nd/144Nd)_red/0. 512566]  -  1}  x  104. 
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Fig.  31.  Nd  vs.  Sr  isotopic  composition  of  Oregon-Modoc  Plateau  basalts  and  rhyolite  plus  other 
selected  Cascade,  northern  California,  and  western  Snake  River  Plain  volcanics.  Individual  points  rep- 
resent samples  of  HAOT  (circles),  TB  (inverted  triangles  inside  circles),  AOB  (squares),  SROT  (dia- 
monds), rhyolite  (diamond  inside  square),  Cascade  and  Medicine  Lake  andesites  (triangles),  and  northern 
California  basaltic  andesites  (inverted  triangles).  Fields  for  ocean-ridge  (ORB),  ocean-island  basalts 
(OIB),  mantle  xenolith  minerals,  Columbia  River  basalts  (CRB),  and  Columbia  River-Saddle  Mountain 
basalts  (CRBS)  from  Carlson  et  al.  (1981). 


In  contrast  to  the  isotopic  uniformity 
in  the  western  extremes  of  the  study  area, 
lavas  erupted  farther  east  show  more 
isotopic  diversity,  which  in  some  in- 
stances correlates  with  the  chemical 
composition  of  the  erupted  material.  For 
example,  near  the  Oregon- Idaho  border 
high-Si02  (—75%)  peraluminous  high-Na/ 
K  rhyolites  typical  of  the  bimodal  basalt- 
rhyohte  association  (MacLeod  et  al.,  1976) 
yield  initial  87Sr/86Sr  ~  0.710,  while  lower 
Si02  tuffaceous  material  in  the  same 
stratigraphic  section  is  isotopically  indis- 
tinguishable from  the  surrounding  bas- 
alts (87Sr/86Sr  ~  0.705).  The  evolved 
isotopic  composition  of  the  high-Si02 
rhyolites  suggests  their  generation  by 
assimilation  or  anatexis  of  much  older 
crustal  materials.  In  contrast,  the  low- 
Si02  rhyolites  may  form  from  continued 
fractionation  of  more-mafic,  mantle-de- 
rived liquids. 

Mafic  lavas  in  the  eastern  regions  of 
the  Oregon-Modoc  Plateau  include  a  va- 
riety of  chemically  and  isotopically  di- 
verse basalts.  For  example,  in  the 


southeastern  corner  of  Oregon,  HAOT, 
TB,  AOB,  and  Snake  River  olivine  thol- 
eiite  (SROT)  occur  in  close  spatial  and 
temporal  association.  These  basalts  dis- 
play a  range  in  isotopic  composition  of 
87Sr/86Sr  =  0.7039-0.7075  and  143Nd/144Nd 
=  0.5128-0.5123.  The  wide  range  in  iso- 
topic composition  cannot  be  ascribed  to 
contamination  of  these  lavas  by  old  con- 
tinental crust  because  of  the  geochemical 
uniformity  of  HAOT  throughout  the  en- 
tire range  of  isotopic  composition.  The 
"primitive"  chemical  nature  of  HAOT 
suggests  that  this  magma  type  is  gen- 
erated from  a  depleted,  oceanic-type 
mantle  source.  In  contrast,  the  chemi- 
cally and  isotopically  evolved  nature  of 
SROT  may  indicate  derivation  from  an 
old,  enriched  sub-continental  litho- 
spheric  mantle  (Leeman,  1975).  Mixing 
between  two  such  end-member  source 
regions  could  explain  both  the  geochem- 
ical gradation  from  incompatible-ele- 
ment-depleted, high-Mg/Fe  HAOT 
through  TB  to  incompatible-element-en- 
riched, low-Mg/Fe  SROT  and  the  iso- 
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topic  variations  noted  for  the  basalts  of 
southeastern  Oregon. 

Conclusion 

The  combined  geochemical  and  iso- 
topic  data  necessitate  calling  on  a  num- 
ber of  petrogenetic  processes  to  derive 
the  observed  volcanic  suites.  These  in- 
clude lateral  and  vertical  mantle  heter- 
ogeneities, mixing  of  depleted  and 
enriched  mantle  source  regions,  crystal 
fractionation,  and  crustal  assimilation  and/ 
or  anatexis.  Further  research  is  in  prog- 
ress, with  the  final  goal  being  the  linking 
together  of  data  from  these  various 
northwestern  U.S.  volcanic  provinces  to 
form  a  coherent  picture  of  the  overall 
volcano-tectonic  evolution  of  this  region. 
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Isotopic  Evidence  for  Temporal 

Variability  of  Mantle 

Characteristics  Beneath  the 

North  China  Fault  Block 

X.  Zhou  and  R.  W.  Carlsoyi 

Cenozoic  volcanic  activity  in  north- 
eastern China  is  dominated  by  wide- 
spread eruptions  of  basaltic  lavas.  Three 
major  eruptive  episodes  have  been  iden- 
tified. Each  episode  is  distinguished  from 
the  other  not  only  by  chronological  in- 
formation but  also  by  differing  styles  of 
eruption  and  variations  in  the  chemical 
composition  of  lavas  extruded  at  differ- 
ent times.  The  first  episode,  dated  by  the 
K-Ar  method  as  occurring  in  the  Eocene 
(Xuezheng  et  al.,  1978),  produced  mas- 
sive flows  now  preserved  only  in  fault- 
bounded  basins  under  the  North  China 
Plain  near  Beijing  and  north  of  the  Bohai 
Sea.  Early  Tertiary  lavas  were  erupted 
during  a  period  when  northeastern  China 
was  undergoing  crustal  extension  re- 
lated to  back-arc  spreading  associated 
with  the  opening  of  the  Sea  of  Japan. 

During  the  Late  Tertiary,  the  tectonic 
interaction  between  the  Pacific,  Indian, 
and  Eurasian  plates  was  expressed,  in 
the  North  China  Fault  Block,  by  the  ac- 
tivation of  numerous,  large,  north-south 
trending  faults.  Volcanism  in  the  Late 
Tertiary  seems  intimately  related  to  this 
faulting,  as  many  of  the  Late  Tertiary 
volcanic  vents  occur  in  close  proximity 
to  major  faults.  The  chemical  character 
of  lavas  erupted  during  the  Late  Tertiary 
episode  and  into  the  Quaternary  episode 
show  a  continual  trend  towards  more  al- 
kaline compositions  with  time  (Zhou  and 
Armstrong,  1982). 

In  order  to  investigate  more  fully  the 
character  of  these  basalts  and  the  mech- 
anism of  their  origin,  Nd  isotopic  and  REE 
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concentration  measurements  were  per- 
formed on  the  same  samples  studied  by 
Zhou  and  Armstrong  (1982). 

Results 

Chondrite-normalized  REE  concen- 
trations for  representatives  of  each  group 
of  eastern  China  basalt  types  are  plotted 
in  Fig.  32.  Except  for  the  strongly  al- 
kaline nephelinites,  most  of  the  basalts 
show  a  relatively  narrow  range  in  REE 
abundances.  Both  the  mildly  alkaline  and 
tholeiitic  samples  exhibit  rather  steep 
chondrite-normalized  REE  patterns 
(chondrite-normalized  Ce/Yb~7),  con- 
siderably steeper  than  most  continental 
flood  tholeiites  but  similar  to  those  of  Ha- 
waiian shield-building  tholeiites  (e.g., 
Leeman  et  al.,  1980).  The  fractionated 
REE  patterns  of  the  Chinese  basalts 
suggest  that  a  mineral  such  as  garnet, 
which  preferentially  retains  the  heavy 
REE,  must  have  been  a  residual  phase 
during  the  partial  melting  that  produced 
these  magmas. 

In  order  to  evaluate  further  the  origin 
of  northeastern  Chinese  volcanism,  in- 
formation provided  by  the  isotopic  sys- 
tematics  of  the  basalts  becomes  critical. 
Isotopic  data  are  presented  in  Table  8. 
The  basalts  display  a  wide  range  in  Nd 
isotopic  composition  from  eNd  =  +9.6  to 
-2.5.  In  general,  the  alkalic  samples  have 
higher  143Nd/144Nd  and  lower  eNd  than 
those  samples  of  tholeiitic  composition. 
Though  the  isotopic  composition  of  the 
alkali  basalts  suggest  they  were  derived 
from  a  more  "depleted"  source  (i.e.,  lower 
Rb/Sr,  Nd/Sm)  than  the  tholeiites,  they 
are  in  fact  considerably  more  enriched  in 
incompatible  elements  such  as  Ba,  Rb, 
Ce,  etc.,  compared  to  samples  of  thol- 
eiitic composition.  This  suggests  that  the 
incompatible  element-enriched  charac- 
ter of  the  Chinese  alkaline  basalts  must 
be  attributed  to  enrichment  processes 
occurring  close  to  the  time  of  melt  gen- 
eration. Suitable  mechanisms  for  this  en- 
richment include  either  high  degrees  of 
fractionation  during  the  melting  process 
or  the  recent  introduction  of  incompati- 


Fig.  32.  Chondrite-normalized  REE  abun- 
dances for  selected  basalts  from  northeast  China. 
Squares,  tholeiites;  triangles,  transitional  basalts; 
diamonds,  Quaternary  alkalic  basalts.  Open  sym- 
bols designate  Early  Tertiary  samples;  solid  sym- 
bols correspond  to  Late  Tertiary  basalts. 

ble  element-enriched  fluids  into  the 
magma's  source  region  (e.g.,  Lloyd  and 
Bailey,  1975). 

As  shown  in  Fig.  33,  143Nd/144Nd  cor- 
relates well  with  87Sr/86Sr  for  a  given  age 
group  of  samples.  All  isotopic  data  for 
Early  Tertiary  samples  lie  well  within 
the  range  observed  for  interplate  ocean- 
island  basalts.  Thus  despite  the  rather 


Fig.  33.  eNc|  vs.  87Sr/86Sr  for  northeastern 
Chinese  basalts.  Symbols,  as  defined  for  Fig.  32 
with  solid  circles  representing  alkalic  samples  and 
solid  diamonds  corresponding  to  Quaternary  alkalic 
basalts.  Fields  for  ocean-island  basalts  (OIB)  and 
the  Azores  are  from  the  literature.  Sr  isotopic  data 
are  from  Zhou  and  Armstrong  (1982). 
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Sample 


Chemical 
Type 


7Sr/86gr* 


U7Qvv,/144 


Sm/144Nd 


!Nd/144Nd-i 


*N<4 


Eocene 

JL-2-9  Thol 

JL-14-1  Thol 

S6-138-4  Thol 

RE-104  Trans 

HU-104  Trans 

HU-Y  Trans 

Neogene 


SF-1-1 

Thol 

XH-15 

Thol 

P-l 

Thol 

TO-3 

Thol 

TO-5 

Thol 

P-3 

Alk 

HC-32 

Alk 

S-3 

Alk 

TY-9 

Alk 

Quaternary 

SD-7 

Alk 

SD-9 

Alk 

KL-5 

Alk 

South  China  Sea 

SK-01 

Alk 

KW-9-A 

Alk 

0.70411 
0.70423 
0.70490 
0.70308 
0.70310 
0.70345 


0.70477 
0.70458 
0.70420 
0.70476 
0.70392 
0.70389 
0.70376 
0.70370 
0.70358 


0.70347 
0.70444 
0.70464 


0.70291 
0.70326 


0.512645  ±38 

+  1.5  ±0.7 

0.168 

0.512603  ±33 

+  0.7±0.6 

0.512994  ±36 

+  4.2  ±0.5 

0.512994  ±36 

+  8.3  +  0.7 

0.512944  ±18 

+  7.4  +  0.4 

0.146 

0.512865  ±25 

+  5.8  +  0.5 

0.137 

0.512440  ±28 

-2.5  +  0.6 

0.512750  ±13 

+  3.7  +  0.3 

0.512655  ±27 

+  1.7  +  0.5 

0.512707  ±22 

+  2.7  +  0.4 

0.512852  ±16 

+  5.6  +  0.3 

0.120 

0.512913  ±28 

+  6.8  +  0.6 

0.512924  ±10 

+  7.0  +  0.2 

0.139 

0.512733  ±21 

+  3.3  +  0.4 

0.512970  ±34 

+  7.8  +  0.7 

0.512864  ±15 

+  5.8  +  0.3 

0.512782  ±26 

+  4.2  +  0.5 

0.512665  ±17 

+  3.0  +  0.3 

0.132 

0.513058  ±29 

+  9.6  +  0.6 

0.512839  ±19 

+  5.3  +  0.4 

*  Initial  Sr  isotopic  composition  from  Zhou  and  Armstrong  (1982). 

tNdO+  fractionation  corrected  to  146NdO/144NdO  =  0.722251  (corresponding  to  146Nd/144Nd  =  0.7219), 
then  corrected  for  oxygen  isotopic  composition  (Nier,  1950).  Values  are  reported  relative  to  143Nd/144Nd 
=  0.511860  for  the  La  Jolla  Nd  Standard  (Lugmair  and  Carlson,  1978).  Errors  represent  2a„,  and 
correspond  to  last  digits. 

UNd  »  {[(143m/^Nd)SAMPLE  +  (143Nd/144Nd)B(^  EARTH\  -  1}  x  104.  ('«Nd/144Nd)B(/LX  EARTH  = 
0.512566  (Lugmair  and  Carlson,  1978). 


high  degree  of  alteration  of  these  older 
basalts,  their  Sr  isotopic  compositions  do 
not  appear  to  have  been  significantly 
modified.  Compared  to  the  Early  Ter- 
tiary samples,  most  Late  Tertiary  bas- 
alts are  offset  to  a  higher  87Sr/86Sr  for  a 
given  143Nd/144Nd.  This  cannot  be  attrib- 
uted to  alteration  effects  in  the  Late  Ter- 
tiary samples  because  they  are 
considerably  fresher  than  the  older  Early 
Tertiary  basalts.  Rather,  this  offset  to 
high  87Sr/86Sr  of  the  Late  Tertiary  vol- 
canics  must  be  considered  a  character- 
istic of  their  mantle  source  materials.  The 
recent  enrichment  in  87Sr  of  the  mantle 
underlying  northeast  China  may  reflect 
the  introduction  of  a  mantle  reservoir 
similar  to  that  which  supplied  volcanism 


along  the  Mid-Indian  Ocean  Ridge  and 
the  Deccan  flood  basalts  of  India,  both  of 
which  erupted  basalts  characterized  by 
unusually  high  87Sr/86Sr  for  a  given  eNd 
(Subbarao  and  Hedge,  1973;  Carlson  et 
al.,  1978;  Mahoney  et  al.,  1982).  A  more 
common  interpretation  of  elevated  87Sr/ 
86Sr  is  that  it  represents  the  influence  of 
subducted,  seawater-altered,  oceanic 
crust  in  the  source  regions  of  the  magma. 
While  this  possibility  cannot  be  com- 
pletely discounted,  it  does  not  appear  to 
be  a  likely  explanation  for  the  Chinese 
basalts  because  at  present  this  region  of 
China  is  more  than  3000  km  west  of  the 
nearest  subduction  zone  in  the  Japan 
Trench. 

To  summarize,  geochemical  and  iso- 
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topic  data  indicate  a  considerable  degree 
of  heterogeneity  in  the  Cenozoic  basalts 
of  eastern  China.  Most,  if  not  all,  of  this 
heterogeneity  must  be  ascribed  to  the 
mantle  materials  that  melted  to  produce 
these  magmas.  The  fact  that  the  isotopic 
characteristics  of  the  basalts  have  varied 
with  time  suggests  that  the  dynamic  tec- 
tonic interactions  of  northeastern  China 
with  the  Pacific  Plate  and  the  colliding 
Indian  Plate  have  resulted  in  the  recent 
introduction  of  chemically  and  isotopi- 
cally  distinct  mantle  reservoirs  beneath 
northeastern  China. 
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CRUSTAL  DEFORMATION 

Apparent  Stress:  an  Estimate  of 
the  Stress  Drop  of  Earthquakes 

/.  Arthur  Snoke*  Alan  T.  Linde, 
and  I.  Selwyn  Sacks 

Theoretical  and  observational  seismic 
source  studies  commonly  aim  to  infer  the 
source's  geometrical  parameters  (fault 
zone  size,  shape,  and  orientation),  dy- 
namic history  (the  time  history  of  both 
slip  and  rupture),  and  physical  environ- 
mental parameters  (such  as  strength  of 
rock  and  tectonic  stress  field)  from  earth- 
quake radiation  and  deformation  data.  In 
principle,  such  information  from  suites  of 
earthquakes  in  a  given  region  over  a  pe- 
riod of  time  allows  one  to  study  the  spa- 
tial variations  in  the  material  strength  as 
well  as  the  spatial  distribution  and  tem- 
poral redistribution  of  stress. 

Earthquakes  are  generally  assumed  to 
result  when  the  gradual  stress  buildup 
in  a  region  eventually  exceeds  some  crit- 
ical local  strength.  Archambeau  (1978) 
and  House  and  Boatwright  (1980)  ob- 
served that  the  stress  drops  associated 
with  individual  events  in  studied  fore- 
shock-aftershock  sequences  were  in  gen- 
eral higher  for  the  foreshocks  than  for 
the  aftershocks.  Assuming  that  stress 
levels  are  lower  after  a  main  shock,  this 
finding  suggests  that  even  if  the  stress 
release  for  individual  events  is  less  than 
total,  stress  drops  correlate  with  the  state 
of  stress  of  the  region.  Studies  of  se- 
quences of  small  earthquakes,  however, 
have  not  shown  any  trend  in  stress  drops. 
For  example,  Tucker  and  Brune  (1973) 
found  large  scatter  in  the  calculated  static 
stress  drops  for  aftershocks  of  the  San 
Fernando  earthquake  despite  careful 
study  of  a  good  data  base.  What  is  not 
clear  is  whether  such  scatter  is  real  (re- 
sulting from  inhomogeneities  or  variable 
seismic  efficiency)  or  whether  the  mea- 
surement and/or  modeling  technique  em- 
ployed lacks  the  resolution  necessary  to 
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reveal  any  tectonic  variation.  Recently, 
studies  by  Stefansson  et  al.  (1979)  and 
by  Boatwright  (1981)  show  that  alter- 
native methods  to  the  static-stress-drop 
determinations  for  estimating  stress 
drops,  such  as  the  apparent  stress  (dis- 
cussed below),  appear  more  reliable  and 
robust.  Results  from  the  Stefansson  et 
al.  study  suggest  that  systematic  trends 
in  stress  drops  may  be  discernable  in  at 
least  some  suites  of  small  earthquakes. 

The  ability  to  measure  such  variations 
not  only  would  be  valuable  for  our  un- 
derstanding of  crustal  forces  but  also 
might  provide  an  important  tool  for 
earthquake  prediction. 

In  our  last  report  (Year  Book  80,  515- 
519),  we  presented  preliminary  results 
showing  that  within  the  context  of  em- 
pirical parameterizations  of  the  source 
spectrum,  relationships  could  be  deter- 
mined between  the  static  stress  drop  and 
the  apparent  stress.  In  this  continuation 
of  that  study,  we  derive  theoretical  bases 
for  such  relationships. 

In  the  following  sections  we  compare 
two  methods  for  estimating  the  stress 
drop  for  an  earthquake  using  the  ra- 
diated displacement  field:  direct  deter- 
minations of  the  static  stress  drop  and 
the  apparent  stress. 

The  Static  Stress  Drop 

The  static  stress  drop,  Act,  is  denned 
as  the  initial  stress  minus  the  final  stress 
(averaged  over  the  fault  plane). 

The  most  commonly  used  method  to 
determine  Act  is  through  the  equation  oA 
=  CMf3,  in  which  /  is  the  corner  fre- 
quency determined  from  the  far-field  dis- 
placement amplitude  spectrum,  M  is  the 
seismic  moment  determined  from  the  zero- 
frequency  level  of  the  spectrum,  and  C 
is  a  parameter  which  depends  upon  both 
the  geometry  of  the  rupture  zone  and  the 
dynamics  of  the  rupture  process.  An  ad- 
vantage of  this  procedure  is  that  many 
spectra  can  be  fit  by  the  model  spectra 
so  that  the  method  is  easy  to  apply.  The 
disadvantages  are  (1)  the  model  depend- 
ence of  C  and  (2)  as  the  stress  drop  de- 


pends on/3,  it  follows  that  uncertainties 
in  determining  /  can  result  in  large  var- 
iations in  estimates  for  the  stress  drop. 
Figure  34  shows  an  example  of  a  spec- 
trum for  which  a  "corner"  cannot  be  picked 
with  confidence. 


The  Apparent  Stress:  Definition  and 
Determination 

The  apparent  stress  (e.g.,  Savage  and 
Wood,  1971)  can  be  written  as 


cta  =  [I 


E_ 

M' 


(1) 


where  |x  is  the  rigidity  and  E  is  the  ra- 
diated energy.  Before  wide  frequency 
band  data  became  available,  the  method 
used  to  estimate  the  radiated  energy  was 
based  on  empirical  magnitude-energy  re- 
lations, such  as  that  proposed  by  Guten- 
berg and  Richter  (1942).  The  approximate 
nature  of  such  relationships  prompted 
researchers  to  give  apparent  stress  re- 


L3G  FHEQ    (HZ) 


Fig.  34.  Displacement  spectrum  of  a  magni- 
tude-3.8  event  near  Krafia  in  Iceland.  The  signal 
analyzed  and  the  window  used  are  shown  at  upper 
right.  The  broken  line  is  the  noise  obtained  by  using 
the  same  corrections  and  window  for  a  section  of 
the  record  directly  preceding  the  analyzed  signal. 
Straight  lines  show  picks  for  the  low-frequency  pla- 
teau and  the  other  trends  in  the  spectrum.  This  is 
a  relatively  complicated  spectrum  in  that  there  is 
no  obvious  "corner"  frequency.  (After  Stefansson 
etal.,  1979.) 
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duced  weight.  Modern  instrumentation 
enables  the  direct  determination  of  the 
radiated  energy  from  the  integral  of  the 
square  of  the  far-field  velocity  spectrum. 
Given  an  adequate  signal-to-noise  ratio 
for  about  a  decade  on  either  side  of  the 
corner  frequency,  the  determination  of 
this  integral  is,  in  fact,  more  objective 
than  is  the  estimate  of  the  low-frequency 
level  used  in  the  moment  determination. 
Figure  35  shows  the  cumulative  energy 
plot  for  the  spectrum  of  Fig.  34.  One  sees 
that  even  the  complicated  spectrum  of 
Fig.  34  allows  a  reliable  cumulative  ve- 
locity-squared evaluation. 

The  Apparent  Stress:  Interpretation 

Thus,  for  broad-band  data,  the  deter- 
mination of  the  apparent  stress  is  more 
stable  than  is  the  determination  of  the 
static  stress  drop.  It  remains  to  define 
the  physical  interpretation  of  the  appar- 
ent stress — that  is,  its  relationship  to  the 
static  stress  drop. 

In  last  year's  Report,  we  presented  an 
empirical  discussion  of  the  relationship 
between  apparent  stress  and  stress  drop. 
Here,  we  provide  insight  into  the  inter- 
pretation by  starting  with  a  general  as- 
sumption about  the  seismic  energy 
released.  The  total  radiated  energy,  E, 
can  be  written  as 
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E  =  W  -  F,  (2) 

where  W  is  the  strain  energy  released 
and  F  includes  both  energy  dissipated 
through  friction  and  the  energy  required 
to  create  new  crack  surface  as  the  rup- 
ture propagates  (e.g.,  Madariaga,  1976). 
Starting  from  Equation  (2),  Madariaga 
(1976)  derived  an  expression  for  the  ap- 
parent stress  which  can  be  written  in  the 
form 


aA  =  Ao72  -  i  -  g, 


(3) 


where  £  is  the  difference  between  the 
average  frictional  stress  acting  on  the  fault 
surface  and  the  final  stress,  and  g  is  a 
term  which  comes  from  the  energy  re- 
quired to  create  new  crack  surfaces  dur- 
ing propagation. 

The  term  g  is  always  positive,  so  as- 
suming £  ^  0,  Equation  (3)  leads  to 


oA  s=  Ao72 


(4) 


(Savage  and  Wood,  1971).  Results  from 
observations  are  in  general  consistent  with 
this  inequality  (e.g.,  Savage  and  Wood, 
1971;  Aki,  1972;  Choy  and  Boatwright, 
1981). 

Kanamori  (1977)  proposed  that  the  ra- 
diated energy  for  large  earthquakes  is 
well  approximated  by 


E  -  W  =  AaAf/2fx, 


(5) 


FREQUENCY    [HZ] 


Fig.  35.  Cumulative  energy  and  energy  density 
vs.  frequency,  for  the  spectrum  shown  in  Fig.  34. 
The  energy  density  remains  high  up  to  4  Hz,  but 
the  cumulative  energy  is  easily  estimated.  (After 
Stefansson  etal.,  1979.) 


where  W  is  the  excess  of  the  strain  en- 
ergy change  over  the  quasi-static  work 
of  the  fault  surface  tractions  in  the  case 
of  a  shear  fault  with  uniform  stress  drop. 
This  proposal  makes  two  assumptions: 
that  the  final  stress  is  equal  to  the  fric- 
tional stress  (i.e.,  no  overshoot)  and  that 
g  in  Equation  (3)  can  be  neglected.  When 
Kanamori's  assumptions  are  valid,  Equa- 
tions (1),  (3),  and  (5)  result  in  an  equality 
for  Equation  (4)  so  that  a  determination 
of  the  apparent  stress  implies  directly  an 
estimate  of  the  static  stress  drop. 

The  (somewhat  empirical)  Brune  model 
(1970,  1971)  has  provided  the  context  in 
which  most  of  the  static-stress-drop  es- 
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timates  have  been  made  for  the  past  ten 
years.  In  the  most-used  version  of  this 
model,  the  final  stress  is  the  same  as  the 
frictional  stress,  so  that  Equation  (4) 
above  is  an  equality.  Hence  in  the  con- 
text of  Brune's  model — as  with  Kana- 
mori's  proposal — the  static  stress  drop 
is  simply  twice  the  apparent  stress. 
Brune's  model  is  now  generally  used  as 
only  a  first  approximation  in  attempts  to 
model  source  parameters,  but  the  point 
to  be  made  here  is  that  it  demonstrates 
that  within  the  context  of  any  seismic 
source  model  such  a  relationship  exists 
between  the  apparent  stress  and  the 
stress  drop. 

An  Observed,  Possibly  Systematic 
Change  in  Apparent  Stress 

Stefansson,  Linde,  and  Sacks  have  been 
studying  a  sequence  of  earthquakes  in 
northern  Iceland  (Stefansson  et  al.,  1979). 
These  earthquakes  are  part  of  an  episode 
of  tectonic  activity  during  which  migra- 
tion of  seismicity  was  well  monitored.  In 
their  analyses,  they  used  data  recorded 
by  a  Carnegie  broad-band  seismograph 
(Sacks,  1966)  about  50  km  from  the  ac- 
tivity. The  sequence  of  events  was  such 
that,  by  subgrouping,  they  were  able  to 
maintain  constancy  of  parameters  such 
as  path  effects,  source  region,  and  source 
size  (magnitude).  To  date  they  have 
studied  only  one  size-subgroup  of  this  data 
set — magnitude  range  from  3.5  to  4.5. 
For  three  geographic  subsets,  they  find 
that  the  apparent  stress  values  decrease 
systematically  with  time  after  the  onset 
of  activity  in  the  region. 

Concluding  Remarks 

We  have  found  relationships  between 
the  two  methods  of  stress  estimation  on 
both  empirical  and  theoretical  grounds. 
Although  there  may  be  some  model  de- 
pendence in  the  physical  interpretation 
of  the  apparent  stress,  there  is  a  similar 
model  dependence  in  determining  the 
static  stress  from  far-field  spectra.  The 
parameterization  of  the  far-field  spec- 


trum is  clearly  more  objective  in  the  ap- 
parent stress  approach,  especially  for 
many  earthquakes — including  most  shal- 
low ones — wherein  the  rupture  propa- 
gation is  not  uniform.  It  is  clear  that  the 
analysis  on  the  Iceland  data  must  be  re- 
peated with  different  data  sets  in  order 
to  confirm  or  refute  the  behavior,  but  any 
truly  systematic  changes  in  apparent 
stress  in  a  region  would  be  extremely 
important. 
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Coseismic  Strain  Changes 
Recorded  in  a  Deep  Mine 

A.  McGarr,*  I.  S.  Sacks,  A.  T.  Linde, 
S.  Spottiswoode,t  and  R.  Greent 

During  March  and  April  1977,  three 
Carnegie  borehole  strainmeters  were  in- 
stalled at  a  depth  of  3.1  km  in  the  East 
Rand  Proprietary  Mines  near  Johannes- 
burg, South  Africa.  (See  Year  Book  77, 
537-543,  for  a  preliminary  report.)  The 
active  mining  operation,  which  contin- 
ues, involves  removal  of  a  section  of  rock 
1  m  thick  which  dips  at  about  30  degrees. 
The  horizontal  extent  is  many  kilome- 
ters. As  the  mining  extent  increases,  the 
overburden  causes  the  excavation  to  close 
up.  In  the  region  of  the  mine  face,  this 
deformation  produces  stresses  which 
cause  small  (magnitudes  up  to  4)  earth- 
quakes. Figure  36  shows  the  mining  ge- 
ometry and  the  locations  of  the 
strainmeters.  The  earthquakes  are  lo- 
cated by  an  underground  array  of  about 
ten  vertical  seismometers;  the  same  data 
set  also  is  used  to  estimate  the  magni- 
tudes. Events  within  the  array  are  lo- 
cated with  an  accuracy  of  about  30  m. 

Elsewhere,  we  have  reported  on  the 
continuous  changes  associated  with  mine 
excavation  as  well  as  on  the  coseismic 
changes  (McGarr  et  al.,  1982).  Here  we 
present  only  the  results  of  our  investi- 
gation into  coseismic  strain  changes. 

Observed  Strain  Changes 

Problems  with  the  instruments  al- 
lowed us  to  use  only  two  of  the  strain- 
meters for  short-term  variations;  one  of 
the  usable  instruments,  the  bimorph 
(which  is  a  high-pass  transducer  at  pe- 

*U.S.  Geological  Survey,  Menlo  Park,  Califor- 
nia. 

tBlyvooruitzicht  Gold  Mine,  South  Africa. 

$  Bernard  Price  Institute  of  Geophysics,  Johan- 
nesburg, South  Africa. 
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Fig.  36.     Cross-section  view  showing  relation  of 
the  experimental  tunnel  to  the  mining  area. 


riods  shorter  than  25  minutes),  was  dam- 
aged by  a  high-voltage  leak  from  an 
underground  electric  train.  The  signals 
used  here  are  the  differential  trans- 
former outputs  (proportional  to  strain  at 
all  periods)  from  strainmeters  1  and  3 
(DTI,  DT3)  and  the  bimorph  output  from 
strainmeter  1  (BMI).  Figures  37  and  38 
show  examples  of  recorded  coseismic 
strain  steps.  Over  150  of  these  strain  steps 
were  measured  and  compared  with  model 
calculations.  For  some  of  the  closer  events 
the  accelerations  at  the  instruments  can 
be  extremely  high;  for  one  event  a  peak 
acceleration  of  Ylg  was  experienced 
(McGarr  et  al. ,  1981).  In  no  case  did  these 
high  accelerations  produce  spurious  rec- 
ords. 

Analysis 

We  assume  that  the  source  can  be  rep- 
resented as  a  point-source  double  couple; 
it  then  follows  that  the  dilation  (A)  is  pro- 
portional to  the  seismic  moment,  M0  (a 
measure  of  earthquake  size),  and  in- 
versely proportional  to  the  cube  of  source- 
receiver  distance  R. 

3  (1  -  2v)     .  M0 
A  =   —  - sin  0  cos  0  cos  cb  — -r, 

4  ir|i(l  -  v)  RA 

where  v  is  Poisson's  ratio  and  \x  is  the 
rigidity.  6  is  the  angle  between  the  de- 
parting ray  and  the  normal  to  the  fault 
plane;  cp  is  the  azimuthal  angle  within  the 
fault  plane  relative  to  the  direction  of 
slip.  We  did  not  have  sufficient  coverage 
of  the  seismic  array  to  determine  fault 
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Fig.  37.  (a)  Strain  records  illustrating  the  effect  of  a  large  nearby  tremor.  Both  instruments  were 
driven  offscale  in  a  dilational  sense  at  1020.  Two  smaller  strain  steps  are  also  obvious,  (b)  Strain  records 
showing  the  effects  of  mine-face  advance  (1700)  and  subsequent  small  tremors. 
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Fig.  38.  (a)  Strain  records  showing  the  effects  of  blasting  just  after  time  1600  and  a  number  of  small 
nearby  tremors,  (b)  Strain  record  showing  the  coseismic  and  postseismic  strain  changes  generated  by  a 
nearby  tremor. 

plane  solutions,  but  we  expect  the  ori-         Seismic  moments  (M0)  were  estimated 
entations  relative  to  the  instruments  to     using 
be  random,  so  we  have  used  average  val- 
ues for  the  geometric  factor.  Since  this  log  M0  =  17.7  +  1.2  ML, 
is  an  approximation,  some  of  the  scatter 
in  our  results  is  due  to  this  assumption,     where  ML  is  the  local  magnitude  and  M0 
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Fig.  39.  Coseismic  strain  offsets  (A),  normal- 
ized to  unit  seismic  moment,  as  a  function  of  hy- 
pocentral  distance. 
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Fig.  40.  Coseismic  strain  offsets  (A),  normal- 
ized to  unit  seismic  hypocentral  distance,  as  a  func- 
tion of  seismic  moment. 


the  independent  variable  and  plot  strain 
step  normalized  with  a  distance  depend- 
ence of  R  3.  The  agreement  with  theory 
is  good;  the  discrepancy  between  the  best- 
fit  line  and  the  theoretical  line  is  well 
within  the  scatter. 


is  in  dyn  cm  (Spottiswoode  and  McGarr, 
1975). 

The  seismic  moment  estimates  are 
probably  reliable  at  a  factor-of-two  level 
for  the  larger  (M0  >  1019  dyn  cm)  events 
and  somewhat  less  reliable  (factor-of- 
three)  for  smaller  events  (Spottiswoode, 
1980;  McGarr  et  al.,  1981). 

A  comparison  of  the  observed  and  the- 
oretical dependence  of  dilational  strain 
on  hypocentral  distance  is  shown  in  Fig. 
39.  The  measured  strain  changes  have 
been  divided  by  seismic  moment  to  nor- 
malize for  event  size.  The  scatter  is  due 
to  errors  in  measurements  of  strain  off- 
set, distance,  M0,  and  to  the  assumption 
for  the  radiation  pattern  factor.  The  data 
show  a  clear  inverse-cube  dependence  for 
strain  step,  with  hypocentral  distance  in 
excellent  agreement  with  theoretical  ex- 
pectations. 

In  Fig.  40,  we  take  seismic  moment  as 


Discussion 

We  have  confirmed  that  the  Carnegie 
borehole  strainmeters  faithfully  record 
coseismic  strain  steps  that  are  in  excel- 
lent agreement  with  theoretical  calcula- 
tions. This  is  true  even  when  high- 
frequency  vibrations  at  the  instrument 
site  produce  accelerations  in  excess  of 
lOg.  This  confirmation  of  earlier  work  is 
important,  since  most  strain-monitoring 
devices  have  proved  unsatisfactory  for 
this  purpose — measured  changes  are 
usually  much  larger  than  those  obtained 
from  elastic  calculations.  The  250-m  laser 
strainmeters  at  Pihon  Flat  Observatory 
have  recorded  coseismic  strain  changes 
which  agree  with  calculations  (Wyatt, 
1980;  Wyatt  and  Agnew,  1982),  but  these 
instruments  are  vulnerable  to  high  ac- 
celerations (Berger  and  Wyatt,  1978).  The 
Carnegie  instrument  is  the  only  strain- 
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measuring  device  that  has  been  demon- 
strated to  be  well  suited  to  the  mea- 
surement of  coseismic  strain  changes. 

There  were  no  short-term  precursors 
for  any  of  the  events  studied  even  though 
in  some  cases  the  hypocentral  distances 
were  so  small  that  the  instruments  were 
in  the  near  field.  These  events  occur  in 
previously  unfractured  rock,  whereas 
tectonic  earthquakes  generally  occur  on 
preexisting  faults  and  may  be  preceded 
by  precursory  phenomena.  We  suggest 
that  these  anelastic  processes  only  occur 
in  regions  where  there  are  preexisting 
faults. 
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An  Update  on  Secular  Data  from 
the  Iceland  Strainmeter  Array 

A.  T.  Linde,  I.  S.  Sacks,  andR.  Stefansson* 

Data  from  Carnegie  borehole  volume 
strainmeters  in  different  regions  have 
been  extremely  valuable  in  our  studies 

*The  Iceland  Meteorological  Office,  Reykjavik. 


of  earthquakes  and  associated  long-term 
strain  changes.  As  we  continue  to  record 
data  from  different  sites,  we  are  able  to 
improve  our  understanding  of  the  sig- 
natures of  various  nontectonic  influ- 
ences. This  process  is  essential  for 
interpreting  the  data  in  terms  of  tectonic 
processes.  In  this  and  the  following  re- 
ports, we  discuss  the  implications  of  some 
of  the  data  from  different  regions. 

An  array  of  Carnegie  borehole  volume 
strainmeters  has  now  been  in  operation 
in  southern  Iceland  for  over  two  years. 
(See  Year  Book  79,  495-498;  Year  Book 
80,  511-514.)  The  locations  are  shown  in 
Fig.  41.  The  data  from  six  of  these  in- 
struments is  shown  in  Fig.  42.  During 
the  first  IV2  years  the  strain  rates  for  the 
various  instruments  show  no  coherence 
and  are  quite  high.  After  this,  the  strain 
rates  decrease  and  are  about  a  few  mi- 
crostrain/year.  BUR  was  damaged  by 
lightning  in  summer  1981  and  has  pro- 
vided no  information  since.  (This  instru- 
ment will  be  replaced  in  the  summer  of 
1982.)  One  other  instrument,  JAD,  is  not 
shown  here.  Its  strain  rate  is  very  rapid 
in  compression  and  shows  no  indication 
of  decreasing. 

We  suspect  that  the  pattern  of  strain 
behavior  is  aquifer  related.  In  all  cases, 
the  instruments  were  installed  in  holes 
that  had  been  drilled  many  years  before. 
These  holes  were  uncased  except  for  a 
few  meters  near  the  surface.  Since  there 
are  numerous  lava  flows  interbedded  with 
chert  bands  (many  of  which  are  aquifers), 
it  is  likely  that  aquifers  at  different  depths 
were  connected  via  the  borehole.  After 
a  number  of  years  the  rock  came  to  a 
new  thermal  equilibrium.  When  the  in- 
struments were  installed,  there  was  a 
high  probability  that  connections  be- 
tween aquifers  were  broken  because  the 
holes  were  blocked  by  the  instruments. 
(Installations  were  not  at  the  bottoms  of 
the  holes;  shallower  depths  were  used  in 
order  to  bond  the  instrument  into  the 
best  available  section  of  rock.)  Thus  new 
water  flow  and  temperature  regimes  were 
initiated,  changes  that  resulted  in  large 
strain  effects,  since  the  coefficient  of  ex- 
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Fig.  41.     Map  of  southwestern  Iceland.  The  seven  borehole  strainmeter  stations  are  shown  with  solid 
circles.  The  volcano  Hekla  erupted  in  1980.  (See  Year  Book  80,  511.) 

changes  may  be  important,  even  in  deep 
holes  (Shimamura  and  Watanabe,  1981). 
During  the  summer  of  1982,  sensitive 
(millidegree  resolution)  thermometers  will 
be  installed  in  all  the  holes. 

Comments 


In  Iceland,  we  made  use  of  existing 
holes  in  order  to  save  the  large  cost  of 
drilling,  and  so  effects  due  to  connecting 
aquifers  were  unavoidable.  In  the  Mo- 
jave  Desert,  California,  installations  (see 
next  essay,  this  Report),  the  three  in- 
struments are  also  producing  strain 
changes  which  do  not  appear  to  correlate 
at  long  periods.  This  is  presumably  due 
to  the  same  type  of  aquifer  problem:  the 
holes  were  cased  only  to  shallow  depths. 
In  the  Mojave  installations,  we  are  filling 
the  holes  with  cement  in  order  to  return 
to  the  pre-drilling  situation. 

These  problems  should  be  avoided  in 
future  installations  where  special  holes 
are  drilled  for  the  strainmeters.  The  holes 
must  be  cased  to  within  a  few  meters  of 
the  installation  depth  and  the  casing  ce- 
mented in  so  that  the  aquifer  system  re- 
mains undisturbed. 
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Fig.  42.  Strain  data  from  six  of  the  strainme- 
ters shown  in  Fig.  41.  The  time-scale  origin  is  just 
after  installation.  The  initial  high  strain  rates  prob- 
ably result  from  disturbing  the  aquifer  system.  Af- 
ter about  600  days,  the  strain  rates  appear  to 
stabilize.  BUR  was  interrupted  by  damage  from  a 
nearby  lightning  strike. 


pansion  of  rock  is  about  3  x  10~5/°C. 
From  the  observed  data,  it  appears  that 
it  takes  about  18  months  to  reach  equi- 
librium. Only  in  the  case  of  STO  does  it 
appear  that  the  installation  of  the  in- 
strument made  little  change  in  the  en- 
vironment. The  one  instrument  that  does 
not  show  decreasing  strain  rate  over  this 
period,  JAD,  is  a  shallow  (60  m)  hole  and 
is  in  a  region  of  severe  topography. 
It  is  now  known  that  temperature 
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The  Borehole  Strainmeter 

Program  in  California — 

Installation  and  Preliminary 

Results 

Alan  T.  Linde,  I.  Selwyn  Sacks, 
M.  Johnston ,*F.  Wyatt,f  and  D.  Agnewt 

In  collaboration  with  the  U.S.  Geolog- 
ical Survey  and  the  Institute  of  Geo- 
physics and  Planetary  Physics,  San  Diego, 
we  have  initiated  a  program  of  installing 
and  recording  data  from  a  number  of 
Carnegie  borehole  volume  strainmeters 
in  California.  In  this  program,  three  sep- 
arate regions  are  being  instrumented, 
each  to  have  from  three  to  five  strain- 
meters.  Two  of  the  regions,  in  the  Mo- 
jave  Desert  and  near  San  Juan  Bautista, 
were  chosen  because  they  are  adjacent 
to  sections  of  the  San  Andreas  Fault  which 
have  been  associated  with  large  earth- 
quakes and  are  now  of  particular  interest 
because  of  current  tectonic  activity.  The 
third  site,  Pihon  Flat  Observatory,  south 
of  Palm  Springs,  while  being  in  an  area 
of  geophysical  interest,  is  unusual  in  that 
a  number  of  different  types  of  instru- 
ments have  been  installed  for  compara- 
tive measurements  of  crustal  deformation. 
So  far,  only  one  instrument  has  been  in- 
stalled at  San  Juan  Bautista.  (This  will 
not  be  discussed  further  here.)  Three  have 
been  recording  in  the  Mojave  for  almost 
a  year,  and  in  April  1982  we  installed 
three  at  Pihon  Flat.  The  Mojave  and  San 
Juan  Bautista  installations  will  be  ex- 
panded to  five  instruments  each  as  holes 
are  drilled.  All  the  instruments  currently 
installed  are  in  regions  of  fractured  gran- 
ite. 

Pinon  Flat  Installation 

The  observatory  is  located  near  (15  km) 
a  region  (the  "Anza  gap")  which  may  ex- 
perience a  large  earthquake  in  the  near 
future,  and  thus  the  site  provides  an  op- 
portunity to  learn  about  crustal  behavior 
preceding  an  earthquake.  Perhaps  more 
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important  is  the  fact  that  a  number  of 
different  techniques  are  being  used  for 
monitoring  crustal  deformation.  The 
measurement  of  tectonic  secular  strain 
has  proven  to  be  very  difficult.  There  are 
few  cases  where  different  types  of  in- 
struments are  installed  at  one  site,  and 
there  are  even  fewer  examples  where  in- 
struments show  good  agreement  over 
periods  of  months  and  years.  A  notable 
exception  has  been  the  net  of  Carnegie- 
type  borehole  instruments  installed  by 
the  Japan  Meteorological  Agency  in  Ja- 
pan. 

At  Pinon  Flat  there  are  three  long- 
baseline  (732-m)  laser  strainmeters,  four 
long-baseline  tiltmeters  of  different  types, 
borehole  tiltmeters,  and  borehole  stress- 
meters,  as  well  as  instruments  for  pre- 
cision leveling  and  for  measuring  radon 
in  boreholes.  In  April  1982,  we  installed 
at  Pihon  Flat  three  Carnegie  borehole 
strainmeters  in  holes  just  300  m  apart 
(Table  9).  Thus  we  will  be  able  to  com- 
pare our  instruments  with  many  others. 
It  is  advisable  that,  at  least  at  one  site, 
such  a  comparison  of  instruments  be  made 
so  that  confidence  can  be  assigned  to  data 
gathered  independently. 

The  holes  were  drilled  to  800-ft  depths 
in  granite  and,  although  only  300  m  apart, 
each  showed  quite  different  character- 
istics. All  holes  were  badly  fractured  be- 
low 700  ft,  but  otherwise  there  seemed 
to  be  no  correlation  in  fracture  locations. 
Hole  CIA  had  large  sections  of  appar- 
ently unfractured  rock,  CIB  was  more 
fractured,  and  CIC  had  only  a  few  small 
sections  of  unfractured  rock.  The  tem- 
perature logs  (Fig.  43)  show  that  CIA 


TABLE  9.     Pinon  Flat  Borehole  Strainmeters 


Installation 
Site  Depth  (m) 


Date 


Location* 


CIA 

200 

21  April  82 

CIB 

214 

4  April  82  < 

CIC 

142 

8  April  82 

33.61  N 
116.46  W 


^ 


*  Because  of  the  close  spacing,  the  location  is  the 
-ame  (to  the  quoted  accuracy)  for  all  three  sites. 
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Fig.  43.  Temperature  vs.  depth  in  the  three 
Pinon  Flat  holes.  Below  the  water  depth  (about  40 
m),  CIA  and  CIB  have  uniform  temperature  gra- 
dients. CIC  temperature  gradient  is  nonuniform 
owing  to  cold  water  entering  at  about  70  m  and 
leaving  at  about  180  m. 


and  CIB  are  well  behaved  and  appear  to 
have  no  significant  water  flow,  whereas 
in  CIC  cold  water  flows  in  near  the  top 
(—72  m)  and  out  at  about  180  m.  This 
cross  connection  of  aquifers  can  lead  to 
large  strain  changes  which  may  take  years 
to  equilibrate.  In  the  CIC  installation, 
we  blocked  the  hole  so  as  to  break  the 
connection  between  the  aquifers. 

Recent  sensitive  temperature  mea- 
surements by  Shimamura  and  Watanabe 
(1981)  have  shown  that,  at  depth,  there 
may  be  temperature  changes  (up  to  0. 1°C) 
much  larger  than  previously  thought 
possible.  Since  temperature  changes  in- 
duce strain  changes,  it  is  important  to 
monitor  the  temperature.  Thus  our  in- 
struments now  include  a  thermistor  which 
will  allow  us  to  detect  temperature 
changes  as  small  as  a  few  millidegrees. 
When  an  instrument  is  first  installed, 
temperature  changes  are  large  due  to  the 
instrument  being  warmed  by  the  Sun  prior 
to  descent  into  the  hole  and  also  because 
the  grout-curing  process  is  exothermic 
(Fig.  44).  The  variations  for  CIA  and  CIB 
are  consistent  with  these  effects  and  with 
the  initial  temperatures  in  the  holes  (Fig. 
43).  The  data  for  CIC  are  interesting  in 
that  the  equilibrium  temperature  is  higher 
than  that  shown  in  Fig.  43.  The  new  tem- 
perature (>20°C)  is  approximately  that 


HOURS  AFTER  INSTALLATION 


Fig.  44.  Temperature  vs.  time  after  installa- 
tion. The  initial  rapid  changes  (first  20  hours)  are 
due  to  the  instrument  cooling  from  the  surface  tem- 
perature and  then  being  heated  by  the  grout-curing 
process.  Final  temperature  for  CIC  (<20°C)  is  higher 
than  the  preinstallation  temperature  at  that  depth 
(see  Fig.  43). 


which  would  obtain  if  the  linear  variation 
of  temperature  with  depth  above  70  m 
were  to  continue.  Thus,  in  the  CIC  in- 
stallation, we  sealed  off  the  connection 
between  aquifers  and  allowed  the  (pre- 
sumed) initial  temperature  gradient  to 
be  reestablished. 

The  instruments  are  grouted  into  the 
hole  with  expansive  cement,  and  the  strain 
changes  for  about  six  months  are  domi- 
nated by  the  curing  of  the  grout.  Nor- 
mally, instruments  are  left  with  the 
internal  valve  open  during  this  interval. 
At  Pinon  Flat,  however,  we  were  on  site 
for  some  days  after  the  first  instruments 
were  installed.  Some  of  the  early  data 
are  shown  in  Fig.  45.  We  were  surprised 
and  gratified  to  see  that  the  instruments 
were  recording  high-quality  tidal  data 
within  a  few  days  of  installation. 

Mojave  Desert 

Since  June  1981,  data  have  been  re- 
corded from  three  Carnegie  borehole 
strainmeters  installed  at  distances  of  3 
km,  17  km,  and  35  km  from  the  San  An- 
dreas Fault  near  Palmdale.  All  these  in- 
struments are  at  depths  of  about  200  m. 
A  summary  plot  of  the  data  is  given  in 
Fig.  46.  Tides  have  been  removed  for 
these  plots.  Calculations  for  theoretical 
tides  are  in  very  good  agreement  with 
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Fig.  45.  Strain  records  from  CIB  and  CIC  soon 
after  installation.  Rapid  jumps  are  due  to  opening 
of  valves  and  gain  changes.  During  these  first  few 
days,  the  grout  cures  sufficiently  to  allow  mea- 
surement of  Earth  tides.  The  strain  rates  are  ini- 
tially negative  (dilation)  due  to  cooling.  Later  strain 
changes  are  compressional  as  the  grout  expansion 
becomes  dominant. 


the  recorded  data.  Figure  47  shows  an 
example  of  data  before  and  after  sub- 
traction of  the  theoretical  tides. 

At  short  periods,  all  three  Mojave  in- 
struments record  signals  (of  order  10  "9 
strain)  occurring  in  a  semi-regular  man- 
ner at  each  station  but  show  no  coher- 
ence between  instruments  (Fig.  48).  We 
have  made  tests  to  ensure  that  these  sig- 
nals are  not  instrument  generated;  it  ap- 
pears that  they  are  due  to  local  motion 
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Fig.  46.  Strain  records  from  the  Mojave  in- 
struments. The  scale  for  CCSS  is  one-tenth  that 
for  the  others. 
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Fig.  47.  An  example  of  tidal  data  on  CCSS  (up- 
per trace).  The  lower  trace  is  the  result  of  removing 
the  theoretical  tides  from  the  data.  The  residual 
record  shows  no  indication  of  tidal  frequencies,  in- 
dicating excellent  agreement  between  measured  and 
calculated  values.  On  4  September  a  local  earth- 
quake (Ml  =  5. 1)  occurred.  The  geometry  was  such 
that  no  strain  offset  should  have  been  observable 
in  the  data,  and  none  is  apparent. 


on  one  or  more  of  the  many  fractures  in 
the  rock. 

The  three  instruments  do  not  yet  show 
long-term  changes  that  can  be  related  in 
any  simple  manner  to  the  tectonic  set- 
ting. It  is  possible  that  cross  connection 
of  aquifers  by  the  drilling  has  upset  the 
previous  environmental  equilibrium.  We 
are  about  to  make  tests  to  see  if  this  is 
a  problem.  Temperature  will  be  moni- 
tored in  the  holes  (these  earlier  instru- 
ments do  not  incorporate  a  thermistor), 
and  the  holes  will  be  filled  with  cement 
to  seal  off  the  aquifers. 

The  instrument  CCSS  is  located  within 
a  region  monitored  by  a  two-color  laser 
geodimeter.  Dilation  as  measured  by  the 
borehole  strainmeter  and  the  geodimeter 
is  shown  in  Fig.  49.  (It  is  interesting  to 
note  that  despite  the  proximity  of  CCSS 


Fig.  48.  Short-period  data  showing  noncoher- 
ent strain  offsets  and  relaxation  (magnitude  of  or- 
der 10  "9).  The  long-period  variation  is  the  Earth 
tide. 
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Fig.  49.  Strain  data  from  CCSS  compared  with 
that  from  a  two-color  laser  geodimeter.  The  break 
in  the  CCSS  record  indicates  missing  data. 

to  the  San  Andreas  Fault,  ~3  km,  the 
strain  changes  are  remarkably  small.) 
While  the  long-term  trends  are  compa- 
rable, it  is  clear  that  the  geodimeter 
(which  measures  the  distance  between  a 
number  of  surface  locations)  records  much 
larger  short-period  (1-2  months)  varia- 
tions than  does  the  deeper  borehole 
strainmeter.  Unfortunately  the  largest 
variation  in  the  geodimeter  data  oc- 
curred at  a  time  when  strainmeter  data 
was  not  available  owing  to  a  field  service 
problem.  However,  the  strainmeter  was 
operational  during  the  large  change  mea- 
sured by  the  geodimeter  in  April,  but  did 
not  record  a  corresponding  variation. 
While  more  data  are  needed  to  make  de- 


finitive statements  about  these  differ- 
ences, our  initial  interpretation  is  that 
the  large  (several  tenths  of  microstrain) 
variations  the  geodimeter  detects  are  re- 
lated to  near-surface  effects  which  are 
not  of  importance  in  considering  tectonic 
deformation.  Provided  that  aquifer-re- 
lated problems  can  be  avoided  or  mini- 
mized, it  appears  that  the  borehole 
instruments  provide  a  better  measure  of 
tectonic  strain. 


Discussion 

In  this  and  the  preceding  report,  we 
have  discussed  the  implications  of  some 
of  the  strain  data  from  different  areas. 
While  we  have  previously  been  able  to 
interpret  some  strain  data  in  terms  of 
tectonic  effects  (e.g.,  slow  earthquakes, 
coseismic  strain  steps),  we  have  concen- 
trated here  on  what  is  an  ongoing  and 
necessary  objective:  the  understanding 
of  near-surface  noise  sources  and  the  re- 
cording of  auxiliary  measurements,  so  that 
we  minimize  the  possibility  of  misinter- 
preting these  local  noise  signals  as  being 
tectonically  significant. 
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FORMATION   AND   HISTORY  OF  THE   EARTH 


Presolar  Nebula  Formation 

Alan  Paul  Boss 

A  complete  theory  of  the  formation  of 
the  solar  system  must  include  the  se- 
quence of  events  leading  to  the  formation 
of  the  Sun  and  the  accompanying  pre- 
planetary  nebula.  Most  of  the  research 
on  solar  system  formation  to  date  has 
assumed  the  existence  of  a  protosun  sta- 
bilizing a  surrounding  nebula,  which  has 
some  given  temperature  and  density  dis- 


tribution (Safronov,  1969;  Kusaka  et  al., 
1970;  Weidenschilling,  1980;  Coradini  et 
al.,  1981;  Lin,  1981;  Cassen  et  al.,  1981). 
The  details  of  the  formation  of  the  pro- 
tosun and  the  structure  of  the  residual 
nebula  should  be  obtainable  from  the  more 
general  theory  of  stellar  system  forma- 
tion. Numerical  calculations  indicate  that 
star  formation  may  proceed  through  a 
hierarchy  of  collapse  and  fragmentation, 
as  suggested  by  Bodenheimer  (1978),  with 
a  substantial  reduction  in  the  mass  and 
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angular  momentum  of  the  fragments  pro- 
duced in  each  stage. 

Formation  of  a  Triple  System 

One  possible  mechanism  for  the  for- 
mation of  single  stars  like  the  Sun  is  ejec- 
tion from  an  orbitally  unstable,  multiple- 
star  system.  Collapsing  interstellar  clouds 
are  expected  to  remain  isothermal  from 
densities  of  about  10  19  g  cm-3  to  about 
10  ~13  g  cm"3  (Larson,  1969);  at  greater 
densities,  the  cloud  is  dense  enough  to 
trap  the  radiation  produced  by  the  heat- 
ing of  the  cloud.  (This  heating  is  due  to 
compression  of  the  gas  by  the  collapsing 
cloud.)  Isothermal  interstellar  clouds  may 
be  characterized  by  parameters  a  and  (3, 
the  ratios  of  the  thermal  and  rotational 
energies  to  the  absolute  value  of  the 
gravitational  energy,  respectively. 

A  previous  attempt  at  producing  a 
three-body  system  was  reported  by  Boss 
(1980b),  where  an  isothermal  cloud  was 
given  an  initial  perturbation  favoring 
fragmentation  into  three  bodies.  In  this 
model,  the  m  =  3  mode  decayed,  appar- 
ently because  of  the  relatively  large 
amount  of  thermal  energy  (a  =  0.25). 
Hence  a  new  model  with  lowered  thermal 
energy  and  an  initial  m  =  3  mode  has 
been  calculated  with  the  numerical  code 


described  by  Boss  (1980a).  The  code  per- 
forms donor-cell  hydrodynamics  on  a 
spherical  grid  and  has  a  spherical  har- 
monic expansion  solution  for  the  gravi- 
tational field.  The  grid  points  were 
distributed  a  third  of  the  way  around  the 
rotation  axis  of  the  cloud,  and  the  rest 
of  the  grid  was  defined  by  symmetry,  so 
that  only  modes  that  are  multiples  of  three 
could  grow.  The  calculation  is  then  a 
competition  between  the  tendency  of  self- 
gravitation  to  pull  gas  into  clumps  and 
the  tendency  of  both  thermal  pressure 
and  rotation  to  resist  the  clumping  of  the 
gas. 

The  new  model  has  an  initial  a  =  0.05 
and  p  =  0. 10.  The  time  evolution  of  the 
models  is  portrayed  in  Fig.  50,  consisting 
of  density  contour  plots  in  the  equatorial 
plane  of  the  cloud.  In  this  model,  the  in- 
tensity of  the  m  =  3  mode  grows 
throughout  the  collapse,  producing  a 
weakly  defined  triple  system  by  0.8  tff. 
(The  free  fall  time  tff  is  the  time  for  a 
pressureless,  uniform  cloud  to  collapse  to 
its  center.)  The  continued  inward  col- 
lapse of  the  system  however,  results  in 
the  three  bodies  merging  into  a  propel- 
ler-like distribution  around  1  tff.  Shortly 
after  1  tff,  the  flow  down  the  rotational 
axis  reverses  and  the  central  density 
drops,  producing  three  bodies  by  1.1  tff. 


Fig.  50.  Time  evolution  of  the  model  of  isothermal  collapse.  Each  frame  shows  the  density  contours 
in  the  equatorial  plane  of  the  collapsing  cloud.  The  entire  cloud  is  shown  with  each  plot  made  on  the 
same  scale,  though  the  numerical  grid  becomes  more  refined  as  the  collapse  proceeds.  The  view  is  down 
the  rotation  axis,  counterclockwise  rotation  assumed.  Plus  signs  denote  density  maxima,  and  each  contour 
represents  a  change  in  density  by  a  factor  of  two.  (a)  0.877  tff,  (b)  1.045  ttr,  (c)  1.104  tff. 
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At  this  time,  the  mass  of  each  fragment 
exceeds  the  maximum  mass  for  stability 
of  a  cloud,  so  that  continued  collapse  of 
each  of  the  three  fragments  is  assured. 
The  fragments  at  1.1  tff  each  contained 
about  20%  of  the  total  cloud  mass,  and 
had  values  of  a  and  (3  of  0.01  and  0.04, 
respectively.  The  amount  of  spin  angular 
momentum  per  unit  mass  JIM  in  the 
fragments  was  reduced  by  a  factor  of  six- 
teen from  that  of  the  initial  cloud.  The 
fragment  mass  and  JIM  reduction  im- 
plies that  a  series  of  successive  collapses 
and  fragmentations  would  be  necessary 
to  reduce  the  mass  and  spin  JIM  of  in- 
terstellar clouds  to  values  appropriate  for 
protostellar  objects. 

Fragmentation  Hierarchy 

On  the  basis  of  calculations  indicating 
the  formation  of  rings  in  the  collapse  of 
rotating,  isothermal  clouds  restricted  to 
axisymmetry,  and  of  calculations  show- 
ing that  such  rings  are  unstable  to  non- 
axisymmetric  perturbations,  Boden- 
heimer  (1978)  conjectured  that  a  sequen- 
tial hierarchy  of  collapse,  ring  formation, 
and  fragmentation,  followed  by  further 
collapse  of  the  ring  fragments,  could  ex- 
plain the  formation  of  observed  binary 
systems  from  diffuse  interstellar  clouds. 
Subsequent  calculations  of  the  collapse 
of  rotating,  isothermal  clouds  not  re- 
stricted to  axisymmetry  showed  that 
fragmentation  would  indeed  occur,  though 
not  necessarily  through  a  ring  phase  (e.g., 
Boss,  1980b;  Bodenheimer  et  al.,  1980). 
The  model  of  triple-system  formation  de- 
scribed in  the  previous  section  demon- 
strates   that    the     details    of    the 


fragmentation  hierarchy  may  apply  for 
triple-system  as  well  as  binary-system 
formation.  Table  10  gives  a  scenario  for 
a  fragmentation  hierarchy  involving  the 
formation  of  a  triple  system,  which  leads 
to  the  ejection  of  a  single  protostar  with 
an  accompanying  nebula,  a  conceivable 
mechanism  for  the  formation  of  the  pre- 
solar  nebula.  The  scenario  is  based  in  large 
part  upon  specific  numerical  calculations 
of  cloud  collapse,  and  begins  with  a  likely 
model  for  a  collapsing  interstellar  cloud, 
based  on  observation  of  the  dark  clouds 
in  the  Lynds  catalog.  Such  clouds  typi- 
cally have  masses  of  10-200  MQ,  tem- 
peratures of  7-17  K,  mean  molecular 
hydrogen  number  densities  of  103-104 
cm-3,  with  a  ranging  between  0.1  and 
0.5  and  0  between  =0  (rotating  below 
limit  of  detection)  and  0.2  (Snell,  1979). 
Stage  I  is  thus  a  reasonable,  approximate 
starting  point  for  the  fragmentation  hi- 
erarchy. 

The  cloud  of  stage  I  will  collapse  and 
fragment  into  a  binary  (m  -  2)  system, 
given  a  suitable  initial  perturbation. 
Growth  of  modes  higher  than  m  =  2  is 
inhibited  in  a  cloud  with  such  a  large 
thermal  energy,  a  —  0.25  (Boss,  1982). 
The  thermal  energies  of  the  fragments 
in  stage  II,  however,  are  low  enough  that 
the  m  =  3  mode  may  grow.  Using  the 
model  described  in  the  previous  section, 
one  of  the  fragments  of  stage  II  is  then 
assumed  to  collapse  isothermally  and  to 
fragment  into  a  triple  system,  forming 
stage  III.  As  has  been  shown  by  Agek- 
yan  and  Anosova  (1968),  such  a  co-orbital 
triple  system  is  subject  to  breakup  into 
a  binary  and  an  ejected  single  star  fol- 
lowing a  triple  close  encounter. 


TABLE  10.     Scenario  for 

a  Fragmentation  Hierarchy  Possibly  Leading  to  the  Formation  of  the 
Presolar  Nebula 

Stage 

Mass 
(MQ) 

Density 
(g  cm  - :i) 

Angular 
Momentum 
(cm2  sec-1) 

a                      (3 

I.  Dark  Cloud 

II.  Binary  System 

III.  Triple  System 

IV.  Presolar  Nebula 

50 
8 
2 
? 

4  x  10~21 

2  x  10   17 

4  x  10   14 
? 

4  x  1022 

2  x  1021 

1  x  1020 

? 

0.25                 0.20 

0.05                0.10 

0.01                0.04 

?                      ? 
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The  ejected  single  fragment  will  un- 
dergo further  collapse,  but  now  in  the 
nonisothermal  regime.  A  proper  treat- 
ment of  the  collapse  of  the  stage  III  frag- 
ment thus  requires  a  three-dimensional 
radiative  transfer  numerical  code;  such  a 
code  has  recently  been  developed  and  will 
shortly  be  applied  to  this  problem  (Boss, 
1982,  in  progress).  Because  of  the  un- 
certain outcome  of  this  next  phase  of  col- 
lapse, Table  10  lists  only  question  marks 
for  the  last  stage.  The  primary  uncer- 
tainty about  the  collapse  of  the  fragment 
from  stage  III  is  whether  or  not  it  will 
undergo  further  fragmentation  itself;  if 
so  and  another  binary  system  forms,  then 
the  scenario  will  not  be  appropriate  for 
forming  a  single  star  like  the  Sun.  We 
note  that  it  is  not  possible  to  construct  a 
hierarchy  involving  the  formation  in  the 
nonisothermal  regime  of  a  triple  system 
with  solar-mass-sized  fragments,  each  of 
which  could  then  have  sufficient  thermal 
energy  to  be  immune  to  further  subfrag- 
mentation,  regardless  of  rotational  en- 
ergy. This  is  because  the  thermodynamics 
of  the  collapse  process  restricts  frag- 
ments with  such  a  large  value  of  a  to  have 
masses  on  the  order  of  0.1  M©  or  less. 

In  the  next  section  we  presume  that 
the  fragment  does  not  undergo  subfrag- 
mentation,  in  order  to  explore  the  con- 
sequences in  that  case. 

Tidal  Interaction 

What  will  be  the  effect  upon  the  pre- 
solar  nebula  when  it  undergoes  tidal  in- 
teractions with  the  other  members  of  the 
triple  system  prior  to  ejection?  The  mod- 
els of  triple-system  decay  used  by  Agek- 
yan  and  Anosova  (1968)  show  that  the 
spacing  during  the  triple  close  encounter 
is  about  0.1-0.01  times  that  of  the  orig- 
inal orbital  spacing.  Hence,  if  tidal  ef- 
fects during  the  final  encounter  prior  to 
ejection  are  to  be  minimized,  the  nebula 
must  have  had  time  to  contract  to  a  di- 
ameter much  smaller  than  O.Ola-O.la, 
where  a  is  the  separation  of  the  three 
fragments  in  the  newly  formed  triple 
system. 


According  to  the  numerical  experi- 
ments of  Agekyan  and  Anosova,  the  tri- 
ple close  encounter  occurs  on  a  time  scale 
of  about  102P  =  tfide,  where  P  is  the  in- 
itial orbital  crossing  time.  The  time  for 
the  fragment  to  complete  its  initial  col- 
lapse to  a  quasi-equilibrium  stage  (i.e., 
from  stage  III  to  stage  IV)  is  the  free- 
fall  time,  tff.  The  time  for  the  cloud  to 
contract  due  to  loss  of  thermal  pressure 
support  during  the  quasi-equilibrium 
phase  is  the  cooling  time,  teooh  for  the 
cloud.  The  time  for  alteration  of  the  ne- 
bula by  viscous  forces,  assuming  the  ef- 
fectiveness of  a  turbulent  viscosity,  is  ttnrb. 

The  durations  of  tidal  encounter,  free- 
fall  collapse,  cooling  and  contracting,  and 
viscous  alteration  can  now  be  estimated 
for  the  presolar  nebula  in  Table  10: 

ttlde  =  7  x  105  yr, 

y  =  3  x  102  yr, 

tcooi  =  50  yr,  and 

tturb  =  5  x  105  yr, 

where  a  critical  Reynolds  number  of  100 
has  been  assumed.  Accordingly, 


ttide  >  ttUrb  >>   tff  >  t, 


cool  • 


Thus  the  nebula  will  collapse  to  a  quasi- 
equilibrium  state,  and  will  continue  to 
contract  while  losing  energy  through  ra- 
diation, on  a  time  scale  much  shorter  than 
that  of  the  triple  close  encounter  or  of 
viscous  alteration.  This  allows  a  central 
condensation  to  develop  prior  to  the  en- 
counter, but  the  accompanying  dis- 
tended nebula  may  still  experience  severe 
tidal  interaction  during  the  encounter, 
because  the  nebular  radius  (15  A.U.)  is 
not  necessarily  much  smaller  than  the 
closest  approach  of  the  encounter  (7-70 
A.U.).  Significant  loss  of  nebula  gas  may 
also  occur  during  the  tidal  interaction. 
Obviously  the  rate  of  planetesimal  for- 
mation in  this  phase  is  of  prime  impor- 
tance: if  the  time  for  growth  is  less  than 
106  years,  the  encounter  may  merely  re- 
move excess  gas  and  angular  momen- 
tum, and  leave  behind  a  partially  evolved 
protoplanetary  system. 
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Following  the  triple  close  encounter, 
the  protosun  and  nebula  will  be  ejected 
on  a  hyperbolic  orbit  with  a  velocity  that 
can  be  estimated  using  conservation  of 
energy.  After  the  ejection,  the  system 
consists  of  a  binary  and  the  escaping  sin- 
gle body  with  a  velocity  of —4-16  km  sec  _1, 
depending  on  how  close  the  encounter 
was.  Considering  that  the  current  mo- 
tion of  the  Sun  with  respect  to  the  local 
standard  of  rest  is  some  20  km  sec  " 1 ,  the 
result  for  the  velocity  of  ejection  is  not 
unreasonable.  This  large  peculiar  veloc- 
ity could  thus  be  either  the  result  of  the 
formation  process  or  of  the  many  later 
gravitational  scatterings  off  of  interstel- 
lar clouds  which  also  produce  large  pe- 
culiar velocities.  However,  observations 
of  very  young,  low-mass  stars  show  them 
to  have  velocities  relative  to  each  other 
and  the  surrounding  nebula  of  only  1-2 
km  sec  :  (Herbig,  1978).  Hence  triple- 
system  ejection  could  not  account  for  the 
majority  of  the  observed  single  stars  cur- 
rently being  formed. 

Conclusions 

A  fragmentation  hierarchy  has  been 
constructed,  starting  with  a  cloud  typical 
of  interstellar  dark  clouds,  and  termi- 
nating with  formation  of  a  triple  system 
of  fragments.  The  fragments  collapse  over 
a  time  period  short  compared  to  the  time 
for  disruption  of  the  triple  system.  The 
fragment  that  is  ejected  as  a  single  body 
is  then  a  possible  model  for  the  presolar 
nebula.  During  the  ejection  process,  the 
nebula  will  be  subject  to  tidal  interaction 
with  the  remnant  binary  system,  possi- 
bly resulting  in  significant  loss  of  mass 
and  angular  momentum. 

The  ejection  of  single  stars  from  triple 
co-orbital  systems  is  likely  to  be  a  rare 
event,  because  of  the  difficulty  in  pro- 
ducing the  triple  system  itself.  The  m  = 
3  mode  will  only  grow  in  very  low  ther- 
mal energy  clouds  (Boss,  1982),  and  even 
then  may  be  usurped  by  the  binary  mode. 
Physical  sources  of  perturbations  (e.g., 
shock  waves  and  tidal  interactions)  will 
produce  binary  modes  with  larger  in- 


tensities than  m  =  3  modes.  Hence 
growth  of  the  m  =  3  mode  should  occur 
only  in  rather  exceptional  circumstances. 
This  agrees  with  the  observation  that  very 
young  single  stars  are  moving  with  re- 
spect to  their  surroundings  much  too 
slowly  to  have  been  ejected  from  a  triple 
system  (Herbig,  1978). 

The  mechanism  of  multiple-system  de- 
cay may  not  be  similarly  ruled  out  for  the 
presolar  nebula  because  of  the  large  pe- 
culiar velocity  of  the  present-day  Sun  and 
the  possible  uniqueness  of  the  solar  sys- 
tem. However,  if  future  calculations  in- 
dicate that  the  ejected  fragment  from 
stage  III  collapses  and  undergoes 
subfragmentation  into  a  binary  system, 
then  decay  of  an  inviscid,  nonmagnetic, 
multiple  system  could  not  have  produced 
the  presolar  nebula. 


References 

Agekyan,  T.  A.,  and  Zh.  P.  Anosova,  A  study  of 
the  dynamics  of  triple  systems  by  means  of  sta- 
tistical sampling,  Astron.  Zh.,  11,  1006-1014, 
1968. 

Bodenheimer,  P.,  Evolution  of  rotating  interstellar 
clouds.  III.  On  the  formation  of  multiple  star 
systems,  Astrophys.  J.,  2U,  488-496,  1978. 

Bodenheimer,  P.,  J.  E.  Tohline,  and  D.  C.  Black, 
Criteria  for  fragmentation  in  a  collapsing  rotat- 
ing cloud,  Astrophys.  J.,  242,  209-218,  1980. 

Boss,  A.  P. ,  Protostellar  formation  in  rotating  in- 
terstellar clouds.  I.  Numerical  methods  and  tests, 
Astrophys.  J.,  236,  619-627,  1980a. 

Boss,  A.  P. ,  Protostellar  formation  in  rotating  in- 
terstellar clouds.  III.  Nonaxisymmetric  collapse, 
Astrophys.  J.,  237,  866-876,  1980b. 

Boss,  A.  P.,  A  heuristic  criterion  for  instability  to 
fragmentation  in  rotating,  interstellar  clouds, 
Astrophys.  J.,  259,  159-165,  1982. 

Cassen,  P.  M.,  B.  F.  Smith,  R.  H.  Miller,  and  R. 
T.  Reynolds,  Numerical  experiments  on  the  sta- 
bility of  preplanetary  disks,  Icarus,  48,  377-392, 
1981. 

Coradini,  A.,  C.  Federico,  and  G.  Magni,  Forma- 
tion of  planetesimals  in  an  evolving  protoplane- 
tary  disk,  Astron.  Astrophys.,  98,  173-185,  1981. 

Herbig,  G.  H.,  Some  aspects  of  early  stellar  system 
evolution  that  may  be  relevant  to  the  origin  of 
the  solar  system,  in  The  Origin  of  the  Solar  Sys- 
tem, pp.  219-235,  S.  F.  Dermott,  ed.,  Wiley, 
Chichester,  1978. 

Kusaka,  T.,  T.  Nakano,  and  C.  Hayashi,  Growth 
of  solid  particles  in  the  primordial  solar  nebula. 
Prog.  Theor.  Phys.,  U,  1580-1595,  1970. 


DEPARTMENT     OF     TERRESTRIAL     MAGNETISM 


525 


Larson,  R.  B.,  Numerical  calculations  of  the  dy- 
namics of  a  collapsing  proto-star,  Mon.  Not.  Roy. 
Astron.  Soc,  U5,  271-295,  1969. 

Lin,  D.  N.  C,  Convective-accretion-disc  model  for 
the  primordial  solar  nebula,  Astrophys.  J.,  2J+6, 
972-984,  1981. 

Safronov,  V.  S.,  Evolution  of  the  Protoplanetary 
Cloud  and  the  Formation  of  the  Earth  and  the 
Planets,  Israel  Program  for  Scientific  Transla- 
tions, Jerusalem,  1969. 

Snell,  R.  L.,  A  study  of  dark  interstellar  clouds, 
Ph.D.  Thesis,  University  of  Texas,  Austin,  1979. 

Weidenschilling,  S.  J.,  Dust  to  planetesimals:  set- 
tling and  coagulation  in  the  solar  nebula,  Icarus, 
U,  172-189,  1980. 


Searching  for  Cr  Isotopic 
Anomalies 

Typhoon  Lee  and  Fouad  Tera 

The  variations  of  isotopic  abundances 
relative  to  the  normal  solar  system  com- 
position are  called  "anomalies."  They  are 
caused  either  by  the  decay  of  now-extinct 
radio-nuclides  or  by  the  incomplete  mix- 
ing of  nueleosynthetic  components.  The 
study  of  isotopic  anomalies  has  provided 
many  interesting  clues  to  the  prehistory 
and  early  history  of  our  solar  system. 
The  focal  point  of  current  research  in  this 
field  is  the  iron-group  elements  (Lee  et 
al.,  1978;  Niederer  et  al,  1980;  Birck  et 
al.,  1980;  Niemeyer  and  Lugmair,  1981; 
Shimamura  and  Lugmair,  1982).  This 
group  of  elements  is  cosmochemically 
abundant  and  astrophysically  important. 
They  are  thought  to  be  the  product  of 
silicon  burning  at  or  near  equilibrium 
(temperature  ~4  x  109  K),  which  can 
only  take  place  near  the  cores  of  massive 
stars.  Thus  they  are  potential  probes  for 
the  deepest  interior  and  the  late-stage 
evolution  of  such  stars  which  are  prob- 
ably the  source  of  most  chemical  ele- 
ments. Among  iron-group  elements,  Cr 
is  of  particular  interest  because  its  neu- 
tron and  proton  numbers  are  close  to  those 
of  Ca  and  Ti,  where  anomalies  have  al- 
ready been  found  (Lee  et  al.,  1978;  Nied- 
erer et  al. ,  1980;  Niemeyer  and  Lugmair, 
1981).  In  fact,  54Cr  anomaly  has  been  pre- 
dicted to  correlate  with  48Ca  and  50Ti  an- 
omalies in  several  theoretical  models 
(Cameron,  1979;  Sandler  et  al.,  1982). 


Furthermore,  53Cr  is  the  decay  product 
of  53Mn,  whose  half-life  (3.7  x  106  years) 
is  five  times  longer  than  that  of  26A1,  which 
is  known  to  have  been  present  in  the  early 
solar  system.  In  contrast  to  26A1,  53Mn 
cannot  be  produced  in  H-  or  He-rich  lay- 
ers of  stars.  Therefore,  if  found,  it  would 
be  a  signature  of  stellar  sources  that  have 
experienced  advanced  nuclear  process- 
ing. Or  else  it  could  have  been  produced 
by  the  irradiation  of  iron  by  energetic 
protons.  There  have  been  two  recent 
searches  for  Cr  anomalies  (Nitoh  et  al., 
1978;  Birck  et  al.,  1980),  but  so  far  none 
have  been  found  and  no  full  paper  has 
been  published.  We  have  started  a  pro- 
gram to  search  for  Cr  isotopic  anomalies, 
of  which  this  is  a  progress  report. 

We  have  developed  a  chemical  proce- 
dure to  separate  and  purify  Cr.  This  pro- 
cedure can  be  used  to  extract  not  only 
Cr  but  also  Ti  so  that  the  theoretically 
predicted  correlation  between  them  can 
be  checked  later.  The  present  yield  is 
about  70%.  We  have  also  developed  mass 
spectrometric  techniques  to  measure  the 
isotopic  composition  of  Cr  using  the  DTM 
15-inch  spectrometer.  Samples  were 
loaded  with  silica  gel  onto  V-shaped  Re 
filaments.  A  stable  Cr  beam  of  3  x  10  ~n 
A  can  be  sustained  for  several  hours  from 
a  l-(xg  load.  The  interfering  elements  Ti, 
V,  and  Fe  were  monitored  with  an  ion 
multiplier  at  masses  46,  51,  and  57,  re- 
spectively. Ti  and  V  signals  were  less 
than  3  x  10  ~17  A.  However,  at  the  high 
end  of  the  running  temperature  range,  a 
57Fe  signal  of  up  to  10  ~16  A  was  ob- 
served, corresponding  to  a  correction  on 
54Cr  for  54Fe  interference  of  up  to  l%o. 
Additional  clean-up  procedures  for  Fe  are 
being  developed. 

To  test  our  capability,  we  have  ana- 
lyzed spectroscopically  pure  Cr  metal 
(Johnson  Matthey  Co. )  and  terrestrial  Cr 
chemically  separated  from  Ceylon  spinel. 
In  Fig.  51  we  plot,  in  chronological  order, 
the  results  which  are  given  as  permil  de- 
viations of  the  ratios  53Cr/52Cr  and  54Cr/ 
52Cr  (853  and  554)  from  the  normal  values. 
These  ratios  have  been  corrected  for 
fractionation  using  a  linear  law  by  nor- 
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Fig.  51.  Cr  isotopic  composition  of  standards  and  samples.  Permil  deviations  relative  to  the  grand 
mean  of  the  normals  are  plotted  in  chronological  order  with  2cr  error  bars.  Data  have  been  corrected  for 
a  linear-law  fractionation  by  normalizing  50Cr/52Cr.  MFe  interferences  of  up  to  l%o  have  also  been  corrected 
for  554  using  the  57Fe  signal.  The  Cr  composition  of  the  spinels  from  Allende  inclusion  AL-1  is  normal 
within  errors. 


malizing  50Cr/52Cr  to  the  NBS  value 
(Shields  et  al.,  1966).  854  has  been  cor- 
rected for  54Fe  interferences  where  ap- 
plicable. The  2cr  precision  per  analysis  for 
853  and  854  are  0.2  and  0.4%o,  respec- 
tively. All  normal  runs  are  consistent  with 
our  grand  mean  normal  values  (Fig.  51) 
within  error  limits.  The  grand  mean  is 
consistent  with  the  NBS  values  within 
their  limits  but  is  somewhat  higher  than 
that  of  Birck  et  al.  (1980).  The  resolution 
of  our  mass  spectrometric  procedures  is 
tested  with  standards  artifically  enriched 
with  Q.8%o,  1.6%o,  and  6%o  50Cr.  These 
data  are  plotted  in  Fig.  52,  which  shows 
that  we  can  detect  definitely  a  \%c  effect, 
possibly  a  0.5%c  effect,  in  853.  The  cor- 
responding limits  in  854  are  about  twice 
as  large,  consistent  with  its  four-time 
lower  abundance. 

We  have  chosen  to  study  first  the  Cr 
isotopic  composition  of  the  spinels  in  Ca- 
Al-rich  inclusions  in  the  Allende  meteor- 
ite. Spinel  has  a  relatively  high  Cr  con- 
tent, hence  is  more  accessible  to  analysis. 
It  is  probably  the  earliest  phase  to  form 
in  these  already-primitive  objects,  since 
spinels  are  included  in  all  major  phases. 


On  the  basis  of  oxygen  isotopic  results 
and  petrographic  observation,  the  spi- 
nels are  also  remarkably  resistant  to  al- 
teration and  isotopic  equilibration. 
Therefore  they  have  the  best  chance  to 
preserve  Cr  nucleosynthetic  isotopic  an- 
omalies similar  to  those  observed  in  Ca 
and  Ti. 

Spinel  is  also  useful  in  the  hunt  for 
53Mn  decay  product.  The  more  conven- 
tional way  of  searching  for  the  evidence 
of  53Mn  is  to  look  for  enrichment  in  53Cr 
(i.e.,  high  53Cr/52Cr)  in  minerals  rich  in 
Mn  but  poor  in  Cr.  However,  the  most 
primitive  samples,  such  as  the  refrac- 
tory-rich inclusions  in  carbonaceous  me- 
teorites (the  only  samples  where  26A1  has 
been  found),  do  not  have  high  Mn/Cr  be- 
cause Mn  is  somewhat  more  volatile  than 
Cr.  This  approach  may  work  only  if  the 
less-primitive  samples  with  high  Mn/Cr 
formed  before  all  the  53Mn  decayed,  pos- 
sibly by  crystallization  on  planetary  bod- 
ies (Fig.  53).  The  alternative  is  to  look 
for  low  53Cr/52Cr  in  samples  essentially 
free  from  Mn.  This  approach  is  based  on 
a  model  illustrated  in  Fig.  53.  If  the  solar 
system  had  some  live  53Mn  when  it 
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Fig.  52.  Data  for  standards  artificially  enriched 
in  50Cr.  The  mass  spectrometrically  measured  85:! 
and  5s4  after  the  normalization  of  50Cr/52Cr  are  plot- 
ted against  the  gravimetric  value  of  850.  Reference 
lines  of  slopes  V2  and  1  are  those  expected  from  the 
fractionation  correction  procedure.  This  test  shows 
that  our  resolution  for  isotopic  effects  is  better  than 
l%e  in  S53  and  2%c  in  554. 


formed,  then  its  53Cr/52Cr  would  grow 
until  all  53Mn  decayed.  If  the  earliest  sol- 
ids such  as  the  refractory  inclusions 
formed  early  enough  so  that  the  53Cr/ 
52Cr  of  the  solar  system  was  still  lower 
than  the  present-day  normal,  then  an  es- 
sentially Mn-free  mineral  such  as  spinel 
would  have  recorded  this  low  ratio  and 
preserved  it  until  today  (Fig.  53).  Thus, 
a  low  53Cr/52Cr  in  spinels  would  also  be 
possible  evidence  for  the  presence  of  53Mn 
in  the  early  solar  system. 

The  first  spinel  sample  we  studied  came 
from  an  unusually  large  Allende  inclu- 
sion, AL-1.  We  treated  a  fragment  of 
AL-1  in  a  mixture  of  HF  and  HN03  to 


dissolve  the  silicate  minerals.  The  spinel- 
rich  residue  left  behind  was  then  di- 
gested with  HF  and  HN03  at  high  tem- 
perature in  a  pressurized  bomb  and  then 
passed  through  our  chemical  separation 
procedure.  The  Cr  composition  of  AL-1 
spinels  is  plotted  in  Fig.  51.  The  data  are 
consistent  with  the  normal  ratios  within 
errors. 

It  is  obviously  premature  to  establish 
a  limit  on  53Mn  abundance  based  only  on 
a  single  analysis.  Nonetheless,  we  note 
that,  in  the  context  of  the  solar  nebula 
condensation  model  for  the  spinels  (Fig. 
53),  a  limit  for  53Mn/55Mn  of  the  nebula 
at  the  time  of  the  condensation  of  AL-1 
spinels  can  be  estimated: 


">"<>,,    -%g)o 


55Mn 


52Cr\ 
55Mn/, 


(1) 

Thus  a  0.5%o  limit  on  853  corresponds  to 
(53Mn/55Mn)  (y  _6  5  x  10-5_  Such  alow 
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Fig.  53.  Principles  behind  the  hunt  for  5:!Mn  in 
the  early  solar  system.  The  solar  5;,Cr/52Cr  in- 
creased monotonically  with  time  and  reached  the 
normal  value  when  all  r,:5Mn  had  decayed.  If  the 
refractory  inclusion  in  Allende  formed  early  (time 
t0),  then  Mn-poor,  Cr-rich  mineral  (e.g. ,  spinel)  would 
preserve  the  low  ^Cr/^Cr  until  today  (R,).  Such 
5:,Cr  deficit  would  be  a  possible  evidence  that  5:!Mn 
existed  in  the  early  solar  system.  A  more  conven- 
tional way  is  to  look  for  high  5:iCr/52Cr  in  Mn-rich 
minerals.  Unfortunately  most  such  phases  seem  to 
be  the  result  of  late-crystallization  events  (L)  on 
planetary  bodies. 
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abundance  would  imply  that  (1)  the  solar 
nebula  condensation  model  was  incor- 
rect, or  (2)  the  Cr  in  spinel  was  equili- 
brated later,  or  (3)  the  26A1  source  did 
not  contribute  to  the  Fe-group  elements, 
or  (4)  the  26A1  source  did  contribute  some 
Fe-group  elements  but  entirely  from  a 
neutron-rich  environment  so  that  the 
synthesis  of  53Mn  was  not  favored. 

Based  on  our  tests  and  the  AL-1  spinel 
data,  any  54Cr  isotopic  effect  for  this  sam- 
ple must  be  less  than  2%c.  The  predicted 
54Cr/50Ti  production  ratio  is  ^  1  in  most 
models  under  the  observed  constraint 
548Ca/550Ti  ssl.  Barring  the  possibility  of 
any  strong  chemical  fractionation,  554  can 
be  expected  to  be  at  most  comparable  to 
850Ti.  Thus,  in  ordinary  inclusions,  554Cr 
would  be  expected  to  be  less  than  3%o, 
since  their  observed  550Ti  are  so  far  less 
than  3%o.  In  the  case  of  FUN  inclusions, 
854Cr  could  be  between  5-10%o,  in  view 
of  the  large  550Ti.  The  oxygen  isotopic 
data  for  AL-1  show  that  it  is  probably 
not  a  FUN  inclusion  (Lee  et  al.,  1980). 
Thus  a  2%0  upper  limit  for  554Cr  in  AL- 
1  is  only  marginally  interesting.  Further 
improvement  of  the  precision  for  854Cr 
measurement  is  necessary  and  is  under 
way. 
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Irradiation  Records  and  the 

Abundance  of  Amino  Acids  in 

Carbonaceous  Chondrites 

A.  S.  Tamhane  and  R.  S.  Raj  an 

Carbonaceous  chondrite  meteorites 
(types  1  and  2)  contain  between  one  and 
five  wt  %  carbon,  a  large  part  of  which 
occurs  in  the  form  of  organic  matter.  This 
organic  matter  is  composed  of  various 
classes  of  organic  compounds,  and  it  is 
generally  recognized  that  these  com- 
pounds are  produced  by  abiotic  processes 
(Hayatsu  and  Anders,  1981).  The  nature 
of  these  abiotic  processes  is  still  a  subject 
of  debate,  and  various  processes  of  syn- 
thesis have  been  proposed  on  the  basis 
of  laboratory  experiments.  The  experi- 
ments suggest  that  a  single  process  of 
synthesis  is  unlikely  to  account  for  all  the 
classes  of  organic  compounds  (Miller  et 
al.,  1976).  The  experimental  work  de- 
scribed in  this  report  was  undertaken  to 
look  for  clues  that  would  help  identify  the 
synthesis  mechanism  for  one  particular 
class  of  organic  compounds — the  amino 
acids.  Amino  acids  form  a  tiny  fraction 
of  organic  compounds,  being  ^  0.1%  of 
the  organic  matter  in  these  meteorites. 

Of  the  two  main  abiotic  processes,  the 
Fischer-Tropsch-type  (FTT)  synthesis 
proposed  by  Anders  et  al.  (e.g.,  Hayatsu 
and  Anders,  1981)  is  able  to  reproduce 
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the  larger  number  of  organic  compounds 
observed  in  meteorites.  In  this  model,  a 
mixture  of  CO,  NH3,  and  H2  cools  through 
the  temperature  range  250°-150°C,  with 
occasional  thermal  pulses,  in  the  pres- 
ence of  natural  catalysts  expected  in  the 
solar  nebula.  This  process,  however,  is 
not  very  efficient  in  reproducing  the  amino 
acids,  and  the  relative  proportions  of 
various  amino  acids  also  do  not  match 
well  with  those  observed  in  meteorites 
(Hayatsu  and  Anders,  1981). 

The  second  mechanism  is  that  of  Miller 
and  Urey,  wherein  a  gaseous  mixture  of 
CH4,  NH3,  H20,  and  H2  molecules  at  low 
temperature  is  supplied  energy  in  the  form 
of  UV  radiation  and  electric  discharges. 
The  reactions  in  this  case  are  hot  atom 
reactions  and  random  combinations  of  free 
radicals  or  other  reactive  species  pro- 
duced by  irradiations.  The  Miller-Urey 
reaction  has  been  quite  successful  in  re- 
producing the  amino  acids,  and  the  rel- 
ative proportions  of  different  amino  acids 
also  resemble  reasonably  well  those  ob- 
served in  meteorites.  In  a  variant  of  this 
reaction,  Hong  et  al.  (1974)  report  the 
formation  of  amino  acids  initiated  by  hot 
hydrogen  atoms — atoms  with  kinetic  en- 
ergy in  excess  of  that  to  be  expected  if 
they  were  in  thermal  equilibrium  with 
their  surroundings — in  mixtures  of  gases 
like  C2H5OH  and  NH3,  or  CH4,  NH3,  and 
H20,  or  C2H6,  NH3,  and  H20. 

There  are,  however,  objections  even 
to  this  mechanism  of  synthesis.  Kinetic 
calculations  (Lewis  and  Prinn,  1980)  as 
well  as  observations  of  comets  (Del- 
semme,  1977)  indicate  that  CO  and  C02, 
not  CH4,  were  the  principal  forms  of  car- 
bon present  in  the  early  solar  nebula. 
Moreover,  while  measuring  isotopic  com- 
position of  carbon,  Becker  and  Epstein 
(1982)  observed  that  a  significant  part  of 
potentially  soluble  organic  compounds, 
including  amino  acids,  becomes  extract- 
able  only  after  demineralization.  We  con- 
clude that  this  material  could  not  have 
been  introduced  from  a  gas  phase  after 
the  hydrous  minerals  were  all  formed. 

A  way  around  these  difficulties  would 
be  to  postulate  that  the  amino  acids  were 


synthesized  in  the  regolith  of  the  car- 
bonaceous chondrite  parent  bodies  by 
chemical  pathways  similar  to  those  re- 
ported by  Hong  et  al.  (1974).  For  ex- 
ample, methane  of  indigenous  origin  has 
been  observed  in  lunar  soil,  and  labora- 
tory experiments  have  demonstrated  that 
it  can  be  synthesized  in  silicate  minerals 
by  bombardment  of  carbon  and  hydrogen 
ions  of  solar  wind  energies  (Bibring  et 
al.,  1974).  Carbonaceous  chondrite  (CC) 
matrix  has  a  higher  abundance  of  carbon 
and  nitrogen  than  does  the  lunar  soil,  has 
hydrous  minerals,  and  is  likely  to  contain 
compounds  like  alcohols,  which  are  syn- 
thesized by  FTT  reactions.  It  is  well 
known  that  CC  material  has  received 
substantial  solar  flare  and  solar  wind 
bombardment  in  the  ancient  past.  These 
irradiations  would  provide  a  copious  sup- 
ply of  hot  hydrogen  atoms,  which  would 
be  able  to  initiate  the  reactions  reported 
by  Hong  et  al.  to  synthesize  the  amino 
acids.  On  the  other  hand,  intense  gamma 
radiations  have  been  observed  to  decom- 
pose amino  acids  and  produce,  among 
other  compounds,  decarboxylation  prod- 
ucts (Buhl,  1975).  It  is  possible  that  var- 
ious radiations  produced  in  the  interaction 
of  galactic  cosmic  rays  with  CC  material, 
as  well  as  radiation  due  to  radioactive 
decay  of  elements  like  K,  U,  and  Th,  are 
relevant,  and  that  the  observed  abun- 
dances of  amino  acids  reflect  a  balance 
between  synthesis  and  decomposition 
products. 

To  test  the  above  scenario,  we  looked 
for  possible  correlation  between  the  amino 
acid  contents  of  meteorite  samples  and 
records  of  solar  flare  irradiation.  Indig- 
enous amino  acids  were  first  detected  un- 
ambiguously in  Murchison  meteorite,  a 
CM2-type  carbonaceous  chondrite.  Here, 
we  confine  our  attention  to  four  mete- 
orites (see  Table  11)  which  belong  to  the 
same  type  and  which  have  similar  C,  N, 
K,  U,  and  Th  concentrations.  The  abun- 
dance of  amino  acids  is  not  similar  in  these 
meteorites.  Even  though  more  than 
twenty  amino  acids  have  been  identified 
in  meteorites,  we  consider  only  the  four 
most  abundant  acids  (glycine,  alanine, 
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TABLE  11. 

Irradiation  Characteristics  of  Meteorite  Samples 

with  Known  Amino  Acid  Contents 

Cosmic  Ray 
Irradiation* 

(2) 

Solar  Flare  Irradiationt 

Aminn  Afiii 

Gly 
Glu. 

+  Ala. 

Meteorite 

(1) 

p  >  107  t/cm2 

(3) 

p  >  106  t/cm 

(4) 

2            Contents  t 

(5) 

+  Asp. 

(6) 

Murchison 
Murray 
Mighei 
Nogoya 

2.5  ±0.2 

0.5±0.1 

56.0  ±2.0 

3.4  ±0.3 

2.6  ±0.8 
1.0±0.6 

0.7  ±0.5 
1.0  ±0.7 

7.8±2.1 
5.0  ±1.6 

2.4  ±1.4 

15.7 
7.5 
1.4 
2.9 

1.6 

1.9 
1.3 
0.6 

*  Track  density  p  in  tracks/cm2  x  104. 

tlrradiated  grains  (%). 

$  Amino  acid  contents  in  |xg/g.  Refers  to  total  concentrations  of  the  four  amino  acids  glycine,  alanine, 
aspartic  acid,  and  glutamic  acid.  Amino  acid  data  from  P.  Buhl  (1975),  and  from  J.R.  Cronin  and  C.B. 
Moore  (1976). 


glutamic,  and  aspartic),  which  have  been 
quantitatively  measured  in  all  these  me- 
teorites. Of  these,  two  (glycine  and  ala- 
nine) are  monocarboxylic,  whereas  the 
other  two  are  dicarboxylic  acids.  The 
samples  in  which  we  studied  irradiation 
records  were  either  aliquots  or  those  sit- 
uated close  to  the  samples  previously 
analyzed  for  amino  acid  content.  We  ana- 
lyzed these  samples  for  radiation  history 
by  studying  the  fossil  particle  tracks  in 
olivine  crystals.  The  main  source  of  these 
tracks  are  the  iron-group  nuclei  in  ga- 
lactic cosmic  rays.  The  density  of  tracks 
from  this  source  for  the  various  samples 
is  listed  in  the  second  column  of  Table 
11.  A  small  percentage  of  the  crystals 
are,  however,  also  irradiated  by  solar  flare 
particles.  Such  grains  can  be  distin- 
guished from  the  other  grains  by  their 
much  higher  track  density.  In  many  of 
these  grains  there  is  a  gradient  of  track 
density  from  the  edge  of  the  crystal  to- 
wards the  interior.  The  percentage  of 
grains  that  have  been  irradiated  by  solar 
flares  is  a  good  measure  of  the  solar  flare 
and  solar  wind  irradiation  of  the  sample. 
The  criterion  for  deciding  whether  a  grain 
has  been  irradiated  by  solar  flares  is  the 
minimum  track  density  it  should  have, 
which  depends  on  the  background  track 
density  due  to  galactic  cosmic  rays.  We 
have  chosen  two  criteria  (columns  3  and 
4,  Table  11),  the  first  being  a  higher  min- 
imum track  density  p  2=  107  tracks/cm2, 
to  accommodate  the  Mighei  sample,  which 
has  a  high  background  track  density  due 


to  galactic  cosmic  rays.  Comparing  col- 
umns 3  and  5,  one  sees  that  the  data  do 
suggest  a  correlation  between  the  per- 
centage of  solar  flare  irradiated  grains 
and  the  amino  acid  contents.  Since  the 
number  of  grains  with  track  density  p  2= 
107  tracks/cm2  are  very  few,  we  have  also 
used  a  second  criterion  with  a  lower  min- 
imum track  density  p  5=  106  tracks/cm2 
(column  4).  With  this  criterion,  the  cor- 
relation noted  before  persists  and  indeed 
appears  to  improve. 

The  last  column  gives  the  ratio  of  mono- 
carboxylic acids  (glycine  and  alanine)  to 
the  dicarboxylic  acids  (glumatic  acid  and 
aspartic  acid)  in  the  samples.  If  this  ratio 
is  used  as  a  relative  measure  of  the  de- 
carboxylation due  to  decomposition,  then 
it  is  clear  that  the  galactic  cosmic  ray 
irradiation  (column  2)  is  not  an  important 
factor  for  such  alteration.  The  value  of 
this  ratio  is  smallest  for  Nogoya  sample, 
which  has  a  terrestrial  age  of  96  years, 
suggesting  that  the  possible  decomposi- 
tion effects  on  the  terrestrial  history  are 
also  minor. 

The  data  presented  here  do  support 
the  scenario  that  we  have  outlined,  but 
they  cannot  yet  be  termed  persuasive. 
To  be  so  characterized,  it  would  be  nec- 
essary to  obtain  similar  correlation  be- 
tween samples  of  a  single  large  meteorite. 
It  is  known,  for  example,  that  there  is 
some  variation  in  the  percentage  of  solar 
flare  grains  observed  in  different  sam- 
ples of  Murchison  meteorite.  If  the  amino 
acid  contents  measured  in  a  single  lab- 


DEPARTMENT  OF  TERRESTRIAL  MAGNETISM 


531 


oratory  exhibit  correlated  variation  in 
these  samples,  then  such  data  would  con- 
stitute strong  support  for  the  hypothesis 
of  synthesis  in  the  regoliths  of  carbona- 
ceous chondrites. 
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ditions  is  clearly  a  fundamental  goal  of 
research  in  the  earth  sciences.  To  some 
extent,  aspects  of  the  nature  of  the  pri- 
mordial Earth  can  be  learned  from  the 
observable  geological  record.  At  pres- 
ent, this  record  extends  back  only  about 
3.8  billion  years.  Extrapolation  over  the 
preceding  700  million  years  of  Earth  his- 
tory is  difficult,  and  the  range  of  possi- 
bilities consistent  with  the  evidence  is 
broad.  Important  constraints  on  the  range 
of  plausible  initial  conditions  can  be  ob- 
tained by  approaching  the  problem  from 
the  other  direction — by  considering  what 
kinds  of  planets  can  result  from  plausible 
conditions  in  the  solar  nebula  of  dust  and 
gas  from  which  the  Earth  and  Sun  were 
formed  4.5  billion  years  ago. 

The  nature  and  evolution  of  the  solar 
nebula  is  of  course  also  a  complex  and 
difficult  subject.  It  is  useful  to  consider, 
however,  that  regardless  of  the  details 
of  how  the  solar  nebula  formed  and 
evolved,  at  some  later  time  rocky  ter- 
restrial planets,  including  the  Earth,  ac- 
tually formed.  There  are  only  two  possible 
fundamental  mechanisms  by  which  these 
planets  could  have  formed:  either  they 
were  assembled  from  smaller  bodies  (plan- 
etesimals)  a  piece  at  a  time,  or  the  den- 
sity of  matter  in  the  solar  nebula  was  so 
great  that  it  became  gravitationally  un- 
stable, and  "lumps"  formed  that  col- 
lapsed under  their  own  weight  to  form 
the  present  planets.  Both  of  these  mech- 
anisms probably  play  some  role  in  planet 
formation.  A  principal  task  at  this  time 
is  to  understand  the  fundamental  phys- 
ical processes  involved  in  each  of  these 
mechanisms,  and  thereby  learn  the  cir- 
cumstances under  which  these  mecha- 
nisms, either  acting  alone  or  in 
combination,  can  lead  to  planets  resem- 
bling those  found  in  the  solar  system. 
This  same  understanding  can  be  ex- 
pected to  delimit  the  range  of  plausible 
initial  conditions. 

During  the  past  several  years,  we  have 
been  trying  to  understand  in  more  detail 
one  possible  set  of  circumstances  that 
represents  a  prime  candidate  for  the  way 
volatile-poor  terrestrial  planets  actually 
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formed.  This  is  the  accumulation  from 
solid  planetesimals  after  almost  all  the 
gas  in  the  nebula  had  been  removed.  This 
mode  of  planet  formation  is  relatively  well 
studied,  most  thoroughly  analytically  by 
Safronov  (1969)  and  extended  by  sub- 
sequent numerical  work  (Wetherill, 
1980a,b;  Cox  and  Lewis,  1980).  The  con- 
clusion of  this  work  is  that  an  assemblage 
of  large  (Moon-sized)  planetesimals  with 
the  initial  velocity  distribution  given  by 
the  Safronov  theory  can  spontaneously 
evolve  into  a  system  of  planets  similar  in 
number  and  orbital  characteristics  to  those 
found  in  the  real  solar  system.  It  is  not 
clear  yet  whether  or  not  this  conclusion 
will  still  be  valid  for  a  more  energetically 
dissipative  system  containing  a  plausible 
number  of  smaller  fragments  accompa- 
nying the  Moon-sized  planetesimals,  and 
whether  or  not  the  size  distribution  of 
the  final  planets  can  match  those  ob- 
served. It  has  also  been  argued  that  the 
Safronov  size  and  velocity  distribution  is 
not  a  reasonable  initial  assemblage  for 
numerical  modeling  of  the  final  stages  of 
accumulation  (Greenberg,  1980). 

We  have  decided  that  further  progress 
on  these  problems  requires  a  detailed  in- 
vestigation of  the  simplifying  assump- 
tions made  in  order  to  facilitate  the  earlier 
analytical  and  numerical  studies.  Areas 
for  investigation  include  the  differences 
between  three-dimensional  and  two-di- 
mensional modeling,  the  validity  of  re- 
stricting the  mutual  interaction  of  the 
planetesimals  to  a  classical  "sphere  of  in- 
fluence," and  the  validity  of  the  two-body 
approximation  in  calculating  the  mutual 
gravitational  perturbations  of  the  plan- 
etesimals. This  last  question  is  also  rel- 
evant to  understanding  whether  or  not 
such  concepts  as  "effective"  gravitational 
radius  and  cross  section  are  valid  ones, 
as  well  as  if  the  phenomenon  of  "runaway 
accretion"  should  be  expected  to  occur 
during  the  early  stages  of  planetary 
growth. 

This  concept  of  a  growing  planet  hav- 
ing an  effective  gravitational  radius  larger 
than  its  geometrical  radius,  has  played 
an  important  role  in  discussions  of  plan- 


etary growth  by  accumulation  of  plan- 
etesimals. The  conventional  expression 
for  the  gravitational  radius  Rg  is 


Rg  =  R  VI  +  WW2) 


R 


1       8      D2G 
1  +  rptf 2  V„ 


(1) 


where  R  is  the  geometrical  radius,  VE  is 
the  surface  escape  velocity,  p  is  the  den- 
sity of  the  planetesimal,  and  V  is  the  rel- 
ative velocity  of  the  planetesimal  prior 
to  entering  the  "potential  well"  of  the 
planet. 

The  derivation  of  this  expression  is 
based  on  the  assumption  that  the  inter- 
actions with  the  growing  planets  can  be 
treated  as  ordinary  Newtonian  two-body 
problems.  The  distinction  between  the 
distance  of  closest  approach  of  the  un- 
perturbed trajectories  and  the  actual  dis- 
tance corresponds  simply  to  the  distinction 
between  the  asymptote  and  perigee  dis- 
tances of  the  hyperbolic  two-body  orbits 
of  the  two  objects.  The  actual  physical 
problem  is  at  least  a  three-body  problem: 
both  objects  are  in  heliocentric  orbit. 
Semiquantitatively,  the  two-body  ap- 
proximation can  be  thought  of  as  being 
valid  when  the  time  required  to  traverse 
the  encounter  region  is  small  compared 
to  the  orbital  periods. 

In  order  to  understand  quantitatively 
the  validity  of  the  two-body  approxi- 
mation, we  have  compared  orbital  changes 
calculated  by  numerical  integration  of  the 
regularized  equations  of  motion  with  those 
calculated  from  several  two-body  algo- 
rithms for  a  large  set  of  coplanar  en- 
counters at  various  velocities.  We  found 
that  when  VE/V  :S  3,  the  two  methods  of 
calculation  yield  changes  in  semi-major 
axes  and  eccentricity  that  agree  within 
a  few  percent  (Fig.  54).  For  larger  values 
of  VE/V,  the  agreement  becomes  pro- 
gressively worse.  At  VEIV  =  10  there  is 
little  relationship  between  the  results  of 
the  two  calculations  (Fig.  55).  This  sug- 
gests that  the  use  of  the  two-body  grav- 
itational radius  equation  (Equation  1),  the 
enhanced  collision  rate  inferred  there- 
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OF  SEMI-MAJOR  AXIS  CHANGES 
NUMERICAL  INTEGRATION  vs  OPIK  ALGORITHM 
EQUAL  MASS  BOOIES  I6*l0"g), 
RELATIVE  VELOCITY  -0.9  KM/SEC 
{0  4  x  ESCAPE  VELOCITY) 


Fig.  54.  Comparison  of  semi-major  axis  per- 
turbations calculated  by  numerical  integration  and 
by  the  Opik  two-body  algorithm  for  a  relative  ve- 
locity in  the  range  found  in  theories  of  the  late 
stages  of  planetesimal  accumulation.  The  cluster- 
ing of  points  along  the  dashed  line  of  slope  45°  shows 
that  the  agreement  is  good  at  this  velocity. 


from,  and  the  concept  of  "runaway  ac- 
cretion" may  also  be  invalid  at  lower 
velocities. 

We  have  evaluated  this  question 
through  calculations  of  close  encounters 
and  impacts  in  a  swarm  of  planetesimals 
moving  in  nearly  circular,  low-eccentric- 
ity orbits  and  uniformly  distributed  in 
semi-major  axis.  Most  of  the  calculations 
were  made  assuming  the  bodies  in  the 
swarm  to  have  an  eccentricity  of  0.0005. 
Imbedded  in  this  swarm  is  an  object  ~104 


times  as  massive,  moving  in  an  orbit  of 
lower  eccentricity  (0.0001).  The  diame- 
ter of  the  larger  object  was  varied  from 
6600  km  (0.1  Earth  mass)  to  66  km  (10" 7 
Earth  mass).  In  this  way  the  ratio  VEI 
V0  is  caused  to  range  from  320  to  3,  where 
V0  is  now  the  velocity  of  the  smaller  ob- 
ject relative  to  an  object  in  a  circular 
orbit  at  the  same  semi-major  axis.  This 
velocity  (0.015  km/sec)  is  also  approxi- 
mately equal  to  the  relative  velocity  be- 
tween the  larger  and  smaller  bodies  in 
the  absence  of  mutual  gravitational  per- 
turbations (except  for  encounters  in  or- 
bits differing  considerably  in  semi-major 
axis).  With  this  reservation,  this  velocity 
therefore  also  corresponds  to  the  veloc- 
ity V  in  Equation  (1). 

We  calculated  the  effect  of  all  encoun- 
ters during  a  specified  time  period,  out 
to  a  distance  at  which  mutual  perturba- 
tions were  negligible.  In  this  way  the 
relative  effectiveness  of  "planetary  em- 
bryos" of  different  sizes  in  sweeping  up 
smaller  planetesimals  was  tested.  The 
range  of  masses  and  eccentricities  stud- 
ied include  those  considered  in  previous 
calculations  of  the  early  stages  of  pla- 
netary growth  using  the  two-body  ap- 
proximation (Greenberg  et  al.,  1978). 

When  the  larger  mass  is  small  and  con- 
sequently VEIV0  is  also  small,  it  is  found 
that  the  impacts  occur  essentially  in  ac- 
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COMPARISON  OF  SEMI-MAJOR 
AXIS  CHANGES:  NUMERICAL 
INTEGRATION  vs  OPIK 
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RELATIVE  VELOCITY  0.23  KM/SEC 
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Fig.  55.  Comparison  of  semi-major  axis  per- 
turbations for  a  relative  velocity  a  factor  of  four 
lower  than  that  used  in  the  calculations  of  Fig.  54. 
The  two-body  approximation  is  no  longer  valid  at 
this  velocity. 
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Fig.  56.  Distribution  of  "miss  distances"  of  the 
unperturbed  trajectories  of  bodies  with  relative  ve- 
locities in  the  ranges  found  in  theories  of  the  late 
stages  of  planetary  accumulation.  All  of  the  impacts 
correspond  to  collision  or  "near  miss"  trajectories. 
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cordance  with  the  two-body  approxima- 
tion. For  example  (Fig.  56),  when  VEIV0 
=  3.2,  80%  of  the  impacts  found  corre- 
spond to  trajectories  for  which  impacts 
would  be  expected  for  two-body  encoun- 
ters and  the  remaining  20%  were  "near 
misses."  This  is  in  agreement  with  the 
validity  of  the  use  of  the  two-body  ap- 
proximation in  calculating  perturbations 
for  small  values  of  VE/V(F\g.  54).  Values 
of  VEIV  <  3  are  predicted  by  analytical 
and  numerical  theories  of  the  later  stages 
of  planet  accumulation  (Safronov,  1969; 
Stewart  and  Kaula,  1980;  Wetherill, 
1980a,b),  and  it  is  reassuring  that  the  use 
of  the  two-body  approximation  in  these 
investigations  is  found  to  have  been  jus- 
tified. 

At  larger  values  of  VE/V0  a  new  phe- 
nomenon appears,  probably  related  to  the 
"impact  bands"  found  for  perfectly  cir- 
cular orbits  by  earlier  workers  (Dole,  1962; 
Giuli,  1968).  It  is  now  found  that  very 
distant  trajectories  may  nevertheless  re- 
sult in  impacts.  For  example,  in  Fig.  57 
(VE/VG  -  15)  most  of  the  impacts  result 
from  trajectories  that  would  not  even  have 
come  near  one  another  according  to  the 
two-body  approximation.  In  Fig.  57  it 
can  be  seen  that  in  addition  to  these  im- 
pacts from  distant  trajectories,  there  is 
still  a  small  peak  at  close-encounter  dis- 
tances (from  0  to  0.6  sphere-of-influence 
radii)  caused  by  objects  on  two-body  col- 
lision or  near-collision  courses.  At  still 
larger  values  of  VEIVa  (Fig.  58),  bodies 
moving  on  trajectories  that  would  be  col- 
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Fig.  57.  Distribution  of  "miss  distances"  for  ve- 
locities (relative  to  the  escape  velocity)  at  which 
the  two-body  approximation  first  completely  breaks 
down.  Most  of  the  impacts  are  now  associated  with 
trajectories  far  more  distant  than  those  expected 
by  the  two-body  approximation. 
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Fig.  58.  Distribution  of  "miss  distances"  for  still 
lower  relative  velocities.  Now  all  of  the  impacts  are 
associated  with  distant  trajectories. 


lision  courses  are  always  perturbed  far- 
ther away  from  the  planet.  Now,  all  of 
the  impacts  are  coming  from  distant  tra- 
jectories, and  there  is  no  apparent  re- 
lationship between  the  impact  phenomena 
found  by  numerical  integration  and  those 
found  by  the  two-body  approximation. 

How  do  these  results  affect  the  use  of 
Equation  (1)  in  calculating  impact  rates 
and  runaway  accretion?  Obviously,  in- 
asmuch as  its  derivation  is  entirely  a  con- 
sequence of  the  two-body  approximation, 
there  is  no  reason  to  expect  it  to  have 
any  validity  at  all  at  values  of  VE/V0  S: 
10,  where  the  two-body  approximation 
has  now  been  shown  to  fail  completely. 

In  spite  of  this  failure,  it  is  found  that 
for  these  two-dimensional  coplanar  en- 
counters the  calculated  impact  rates  agree 
to  within  a  factor  of  about  two  with  im- 
pact rates  found  using  the  two-body  for- 
mula, Equation  (1).  The  loss  of  impacts 
on  collision  courses  happens  to  be  ap- 
proximately offset  by  the  number  of  im- 
pacts from  distant  trajectories.  In  fact, 
the  net  impact  rate  is  systematically 
somewhat  higher.  Thus,  if  the  solar  sys- 
tem were  really  two-dimensional,  the 
phenomenon  of  runaway  accretion  (in 
which  a  larger  body  grows  much  faster 
than  smaller  bodies)  would  be  enhanced. 

In  the  real  three-dimensional  solar 
system,  the  situation  will  be  more  com- 
plicated. In  a  three-dimensional  swarm, 
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the  encounter  can  be  visualized  as  the 
impact  of  the  smaller  body  on  a  circular 
target  with  the  larger  body  at  the  "bull's- 
eye"  and  the  target  oriented  so  that  the 
smaller  body  strikes  the  target  perpen- 
dicularly. The  number  of  impacts  within 
a  distance  r  of  the  bull's-eye  will  increase 
with  r2,  whereas  in  the  analogous  two- 
dimensional  case  the  number  increases 
linearly  with  the  radius.  For  this  reason, 
at  higher  values  of  VE/V0,  where  impacts 
can  occur  from  quite  large  encounter  dis- 
tances, the  effective  cross-sectional  area 
relative  to  the  geometric  cross  section 
can  be  greatly  enhanced. 

This  effect  can  be  seen  in  Fig.  59,  where 
the  ratio  of  the  effective  three-dimen- 
sional cross  section  to  the  geometrical 
cross  section  is  plotted.  This  figure  should 
be  regarded  as  only  approximate  be- 
cause, among  other  reasons,  the  use  of 
results  calculated  for  coplanar  orbits  (zero 
inclination)  will  not  be  strictly  valid  for 
orbits  of  small,  but  non-zero  inclination. 
For  inclinations  as  small  as  those  ex- 
pected to  be  associated  with  the  eccen- 
tricities used  here,  the  difference  should 
be  small  but  probably  not  negligible,  and 
the  general  form  of  the  relationship  seen 
in  Fig.  59  should  be  valid.  As  expected, 
at  first  the  effective  cross  section  in- 
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Fig.  59.  Three-dimensional  gravitational  en- 
hancement factors  found  by  numerical  integration, 
as  a  function  of  mass.  For  the  smaller  bodies  the 
dependence  on  mass  is  greater  than  that  calculated 
by  the  two-body  approximation;  for  the  larger  bod- 
ies the  gravitational  enhancement  becomes  inde- 
pendent of  the  mass.  Large  bodies  will  grow  faster 
than  small  bodies  when  the  slope  of  the  gravita- 
tional enhancement  curve  is  greater  than  the  slope 
indicated  "for  equal  growth  rates." 


creases  even  faster  than  that  calculated 
from  the  two-body  approximation.  How- 
ever, for  larger  bodies,  corresponding  to 
VIVE  5:  10,  the  curve  flattens  and  its  slope 
essentially  vanishes.  The  reason  for  this 
decrease  in  slope  is  that  for  these  large 
values  of  VE/V0  the  encounter  distances 
from  which  the  impacts  are  perturbed 
become  greater  than  the  vertical  dimen- 
sion of  a  swarm  with  the  eccentricity  and 
inclination  under  discussion.  Therefore 
the  swarm  becomes  effectively  two-di- 
mensional at  these  distances,  i.e.,  only  a 
narrow  strip  of  the  target  circle,  near  the 
central  plane  of  the  solar  system,  is  ac- 
cessible to  the  impacting  planetesimals. 
The  characteristic  distance  at  which  this 
effect  becomes  significant  is  labeled 
"transition  to  thin  disc"  on  Figs.  57  and 
58. 

Large  bodies  will  accumulate  more 
rapidly  than  smaller  bodies  if  the  "grav- 
itational enhancement  factor,"  the  ordi- 
nate of  Fig.  59,  increases  more  rapidly 
than  linearly  with  the  radius  of  the  body. 
This  is  the  case  for  VE/V0  :S  10,  but  it  is 
not  true  for  larger  bodies  with  larger  es- 
cape velocities.  The  result  is  that  for  a 
swarm  of  given  eccentricity  there  is  an 
optimum  size  for  growth,  in  this  case  cor- 
responding to  bodies  having  a  diameter 
of  —300  km.  Less-complete  calculations 
with  swarms  having  larger  eccentricity 
show  that  the  optimum  size  scales  at  least 
roughly  as  VEIV0.  Thus  when  the  eccen- 
tricity is  ~10~3,  the  optimum  size  will 
be  similar  to  that  of  the  Moon. 

An  adequate  understanding  of  accu- 
mulation at  values  of  VE/V0  S:  10  will 
require  evaluation  of  other  aspects  of  this 
failure  of  the  two-body  approximation, 
e.g.,  gravitational  perturbations  and 
possible  correlations  between  successive 
encounters.  However,  it  seems  likely  that 
the  upper  limit  on  runaway  accretion,  re- 
ported here,  works  in  the  direction  of 
permitting  the  Safronov  coupled  steady- 
state  velocity  and  size  distributions  to  be 
more  readily  achieved  by  an  accumulat- 
ing planetary  swarm  at  an  early  stage  of 
planetary  growth.  If  so,  this  would  fa- 
cilitate continuous  evolution  of  the  ter- 
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restrial  planets  from  the  initial  into  the 
final  stages,  as  characterized  by  the  ther- 
mal and  impact  histories  discussed 
earlier  (Safronov,  1972,  1978;  Kaula,  1979; 
Wetherill,  1976,  1977). 
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Sm-Nd  Geochronology  of  Archean 

gneisses  from  the  southwestern 

Big  Horn  Mountains,  Wyoming 

R.  W.  Carlson  and  D.  Diez  de  Medina* 

The  study  of  ancient  crustal  rocks  on 
the  Earth  offers  the  potential  of  illumi- 
nating the  nature  of  early  crust-forming 
events  and  the  early  evolution  of  the  crust- 
mantle  system.  Unfortunately,  the  an- 
cient rocks  have  all  undergone  moderate- 
to-high  degrees  of  metamorphism  to  the 
point  where  many  of  their  original  char- 
acteristics have  been  lost.  The  meta- 
morphism experienced  by  these  rocks  has, 
in  particular,  made  it  difficult  to  deter- 
mine their  precise  age  by  conventional 
radiometric  techniques.  We  report  here 
the  first  results  of  a  project  designed  to 
apply  the  Sm-Nd  dating  technique  to  the 
silicic  gneisses  that  make  up  a  major  por- 
tion of  the  oldest  continental  crust.  The 
first  area  chosen  for  study  was  the  Ar- 
chean terrain  exposed  in  the  Big  Horn 
Mountain  Range  of  northern  Wyoming. 
This  area  was  chosen  for  several  reasons: 
(1)  it  has  received  intensive  field  and  pe- 
trologic  study  (e.g.,  Heimlich,  1969;  Bar- 
ker et  al.,  1979);  (2)  it  has  been  previously 
dated  by  the  Rb-Sr,  U-Pb,  and  K-Ar 
techniques  (Heimlich  and  Banks,  1968; 
Stueber  and  Heimlich,  1977;  Arth  et  al., 
1980);  (3)  it  has  a  relatively  simple  meta- 
morphic  history  following  the  original 
formation  of  the  complex  (Stueber  and 
Heimlich,  1977;  Barker  et  al.,  1979);  and 
(4)  it  contains  a  wide  variety  of  rock  types. 

Our  samples  were  selected  from  the 
suite  studied  by  Barker  et  al.  (1979)  and 
Arth  et  al.  (1980)  collected  in  the  Lake 
Helen  area  of  the  southwestern  Big  Horn 
Mountains.  At  present,  analyses  are 
complete  for  only  one  sample,  a  biotite- 
hornblende  quartz  diorite  (LH-62).  This 
sample  was  crushed,  and  then  conven- 
tional magnetic  and  heavy-liquid  tech- 
niques were  employed  to  separate  the 
constituent  minerals  for  isotopic  analy- 
sis. Analytical  procedures  for  this  work 
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the  best-fit  line.  The  data  indicate  an  age  of  2950  ±  40  m.y.  (A.  =  6.54  x  10" 12  yr"1)  with  an  initial 
i43Nd/i44Nd  0f  0.508856  ±  39. 


will  be  fully  documented  in  a  forthcoming     scatter  and  do  not  define  an  isochron.  We 


publication. 


Results 


Results  are  plotted  on  the  isochron 


assign  this  scatter  to  post-crystallization 
metamorphic  disturbance  of  the  Rb-Sr 
system  in  these  minerals.  Arth  et  al.  (1980) 
defined  the  existence  of  two  generations 
of  rocks  in  the  Lake  Helen  area,  an  older 


diagrams  of  Figs.  60  and  61.  The  Rb-Sr     group  (E-l)  with  an  age  of  3007  ±  34 
results  show  a  considerable  degree  of     m.y.  and  a  younger  series  (E-2)  of  2801 
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±  31  m.y.  age.  The  age  determined  by 
Arth  et  al.  (1980)  for  the  E-2  series  agrees 
well  with  the  Rb-Sr  age  of  2849  ±  60 
m.y.  reported  by  Stueber  and  Heimlich 
(1977)  for  widely  scattered  samples  from 
the  Big  Horn  Mountains.  The  two  iso- 
chrons  determined  by  Arth  et  al.  (1980) 
are  plotted  in  Fig.  60  for  reference. 

In  contrast  to  the  disturbance  appar- 
ent in  the  internal  Rb-Sr  systematics  of 
LH-62,  the  Sm-Nd  data  precisely  define 
a  single  isochron,  as  shown  in  Fig.  61. 
The  age  indicated  by  the  isochron  is  2950 
±  40  m.y.,  in  good  agreement  with  the 
Rb-Sr  and  U-Pb  dates  for  rocks  of  the 
E-l  sequence  but  resolvably  older  than 
the  age  determined  for  the  E-2  rocks,  of 
which  LH-62  was  classified  by  Arth  et 
al.  (1980).  The  cause  of  this  discrepancy 
is  not  clear.  However,  a  150-m.y.  youn- 
ger age  for  LH-62  is  not  allowed  by  the 
Sm-Nd  data  (Fig.  61).  At  least  two  inter- 
pretations can  be  placed  on  this  age  de- 
pending upon  the  mechanism  of  origin  of 
LH-62.  If,  as  proposed  by  Heimlich  and 
Banks  (1968),  the  Big  Horn  gneisses  were 
formed  by  metamorphism  of  a  largely 
sedimentary  sequence,  the  Sm-Nd  age 
must  be  interpreted  to  be  dating  the  for- 
mation of  the  metamorphic  mineral  as- 
semblage. It  is  unclear,  however,  whether 
diffusive  equilibrium  of  the  Nd  isotopic 
composition  of  a  sedimentary  progenitor 
could  be  produced  in  amphibolite-grade 
metamorphism  considering  the  very  small 
diffusion  coefficients  of  Sm  and  Nd  at  these 
relatively  low  temperatures  (Magaritz  and 
Hofmann,  1978).  The  perfect  colinearity 
of  the  Sm-Nd  data  for  LH-62  rather  sug- 
gests that  LH-62  formed  by  the  crystal- 
lization of  an  igneous  magma  (as  proposed 
by  Barker  et  al.,  1979)  and  that  post- 
crystallization  metamorphism  was  insuf- 
ficient in  extent  to  disturb  the  internal 
Sm-Nd  system  of  the  sample. 

The  initial  143Nd/144Nd  for  LH-62  is 
0.508856  ±  39,  corresponding  to  an  ini- 
tial eNd  of  from  1.1  to  0.9  depending  on 
the  precise  values  used  to  model  the  Nd 
isotopic  evolution  of  the  bulk  Earth. 
(Present-day  bulk  Earth  143Nd/144Nd  = 
0.512566,   147Sm/144Nd    =   0.1936,   Lug- 


mair  and  Carlson,  1978;  or  143Nd/144Nd 
=  0.512636,  147Sm/144Nd  =  0.1967,  Ja- 
cobsen  and  Wasserburg,  1980.)  Regard- 
less, the  initial  eNd  of  LH-62  is  slightly, 
but  resolvably,  displaced  to  a  positive 
value.  This  implies  that  LH-62  was  de- 
rived from  a  source  that  had  been  pre- 
viously depleted  in  light  rare  earth 
elements  (LREE)  relative  to  chondrites 
for  a  considerable  time  period.  The  ex- 
istence of  a  depleted  source  for  crustal 
rocks  produced  during  the  Archean  agrees 
with  the  very  low  initial  87Sr/86Sr  deter- 
mined for  the  E-l  rocks  from  the  Big 
Horns  (Arth  et  al.,  1980)  and  with  evi- 
dence from  Nd  isotopic  data  for  rocks 
from  western  Greenland  (Hamilton  et  al. , 
1978),  southern  Africa  (Hamilton  et  al., 
1979),  India  (Basuetal.,  1981),  and  west- 
ern Australia  (McCulloch  and  Compston, 
1981).  The  initial  eNd  of  LH-62  is  slightly 
below  the  value  of  eNd  =  +  3  predicted 
by  the  Nd  isotope  growth  curve  given  by 
McCulloch  and  Compston  (1981).  This  in- 
dicates either  that  the  source  materials 
of  the  Big  Horn  gneisses  were  not  as 
depleted  as  those  of  other  Archean  rocks 
that  display  positive  initial  eNd  values,  or 
that  at  least  two  stages  of  LREE  en- 
richment from  the  "depleted"  source  are 
required  to  generate  the  Big  Horn 
gneisses.  In  the  latter  case,  approxi- 
mately 170  m.y.  of  evolution  with  the 
Sm/Nd  measured  for  LH-62  is  required 
to  produce  the  Nd  isotopic  composition 
measured  for  this  sample. 

In  conclusion,  the  results  of  the  study 
of  LH-62  illustrate  the  potential  useful- 
ness of  the  Sm-Nd  system  in  providing 
mineral  isochrons  for  rather  highly  me- 
tamorphosed Archean  rocks  and,  hence, 
in  defining  their  ages  and  initial  isotopic 
characteristics. 
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An  Outline  of  Earth's  Evolution 
as  Inferred  from  Lead  Isotopes 

Fouad  Tera 

In  Year  Book  79,  it  was  shown  by  the 
congruency  treatment  that  conformable 
galenas  on  Earth  are  derived  from  two 
distinct  sources:  A  and  B  (Tera,  1980). 
This  dichotomy  is  inherently  obscured  in 
the  conventional  growth-curve  method 
(Fig.  62).  The  single-stage  ages  of  these 
sources,  4.53  and  4.46  b.y.,  respectively, 
are  approximations  based  on  the  as- 
sumption in  the  congruency  methods  that 
these  sources  are  primary  bodies  which 
contained  primordial,  but  no  radiogenic, 
Pb  at  the  time  of  their  formation  (Tera, 
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Fig.  62.  Conformable  galenas  appear  to  cluster  tightly  around  a  single  growth  curve,  indicating  a 
single  source  whose  age  T  is  4.43  b.y.  and  ^  =  9.3,  where  (x  =  238U/204Pb  at  the  present.  The  observation 
must  be  taken  with  reservation  because,  as  shown,  growth  curves  with  different  parameters  tend  to 
merge  in  the  region  4.5-2.5  b.y.;  thus  deviations  of  old  galenas  are  difficult  to  detect  on  this  represen- 
tation. 
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Fig.  63A.  It  was  shown  by  congruency  that 
conformable  galenas  were  derived  from  two  dif- 
ferent sources.  Using  this  modified 207- 206'  204Pb  rep- 
resentation, the  two  growth  curves  corresponding 
to  the  two  sources  are  resolved,  but  barely  so, 
despite  the  distinctly  different  parameters  indi- 
cated from  the  congruency  treatment. 

1981).  On  the  Pb-Pb  diagram  these  two 
sources  fall  on  a  line  corresponding  to  3.6 
b.y.,  thus  raising  the  possibility  that  they 
are  secondary  sources  formed  at  that  time. 
The  apparent  significance  of  this  young 
age  is  further  indicated  by  the  internal 
relationships  among  galenas  of  source  A: 
If  these  galenas  (see  Fig.  63)  were  de- 
rived from  a  truly  homogeneous  source, 
then  the  oldest  galena  (Big  Stubby)  can 
be  taken  as  the  initial  Pb  of  the  youngest 
(Timmins).  That  is, 

oirw  -  <*stub  =  \*>a  (eA'n  -  eA"J).      (D 

where  a  =  206Pb/204Pb,  pi  =  (238U/ 
204Pb)to(toi/,  \  is  the  decay  constant  of  238U, 
and  ta  and  tb  are  the  deposition  ages  of 
Big  Stubby  and  Timmins,  respectively. 
Since  the  age  of  the  latter  has  been  de- 
termined by  a  whole-rock  isochron  (at 
2.64  b.y.)  by  Bugnon  et  al.  (1979),  an  age 
for  the  former  can  be  calculated  from 
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Fig.  63B.  The  dashed  curve  is  an  expanded  sec- 
tion of  the  growth  curve  of  source  A.  As  explained 
in  the  text,  interrelationships  among  galenas  of 
source  A  appear  to  require  their  association  with 
the  dotted  growth  curve  whose  projection  to  the 
past  is  inconsistent  with  primordial  Pb  as  the  direct 
initial.  Thus  the  leads  of  these  galenas  are  more 
appropriately  described  by  a  two-stage  model.  The 
onset  of  the  second  stage  took  place  3.6  b.y.  ago, 
as  indicated  by  the  point  of  bifurcation  of  the  two 
growth  curves. 
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where  p  =  ^PbWb,  1/137.9  =  (235U/ 
238U)todav  and  X'  is  the  decay  constant  of 
235U.  Thus  it  is  possible  from  Equation 
(1)  to  calculate  [x,A  and  on  its  basis  project 
the  growth  curve  back  to  times  older  than 
the  age  of  Big  Stubby  from  the  relation- 
ships 


oiTim  -  [p*  (eAr   -  eA'")]     (3) 
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V-A 


137.9 


(e'( 


(4) 


where  T'  is  an  independent  variable  for 
which  the  initials  a'  and  p'  are  calcu- 
lated. In  Fig.  63a  are  shown  the  two 
growth  curves  for  sources  A  and  B,  con- 
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structed  on  the  basis  of  parameters  ob- 
tained from  the  congruency  approx- 
imation. In  Fig.  63b  is  shown  the  exten- 
sion of  growth  curve  A  to  primordial  Pb. 
Also  shown  is  the  "projected"  growth 
curve  obtained  from  Equations  (3)  and 
(4)  (dotted  line).  The  latter  runs  tangen- 
tial to,  then  coincidental  with,  the  con- 
ventionally derived  curve  for  the  stretch 
0-3.6  b.y.;  then  it  veers  sharply  away, 
clearly  indicating  the  inconsistence  of  the 
trajectory  with  primordial  Pb  as  the  di- 
rect starting  point.  This  seems  to  indi- 
cate that  the  leads  of  these  galenas  are 
more  appropriately  described  in  terms  of 
a  two-stage  model  where  the  second  stage 
starts  3.6  b.y.  ago,  as  indicated  by  the 
point  of  bifurcation  of  the  two  growth 
curves.  That  is  to  say, 


aTim  =  aP  +  |x0(eAy°  -  eAy') 

+  ^a  (eXTl  -  eAr»), 


(5) 


where  Tt  =  3.60  x  109  yr,  P  denotes 
primordial  Pb,  and  from  Equation  (1),  \xA 
=  7.05.  A  series  of  values  are  assumed 
for  T0,  and  the  corresponding  [i0  values 
are  calculated.  Then  each  pair  of  values 
is  applied  to  the  relationship 


<*a  =  olp  +  fx0  (e 


A7o 


,KTi 


+  txA  (eAT'  -  1)      (6) 


and  the  similar  expression  for  (3A.  The 
proper  pair  for  source  A  is  the  one  where 
aA  and  fiA  fall  on  the  2.64-b.y.  isochron 
of  Timmins.  These  are  T0  =  4.50  and  \x0 
=  8.63.  The  composition  of  the  ancestor 
source  (call  it  AB)  is  then  obtained  from 


<*ab  =  <*p  +  M<o  (e 


AT,, 


1),        (7) 


and  the  similar  expression  for  fiAB. 

In  addition,  the  obtained  T0  and  |x0  are 
used  to  calculate  \x  for  source  B  from  the 
relationship 


Fig.  64.  Oceanic  Pb  is  confined  to  a  mixing  triangle  whose  end  members  are  the  three  sources  AB, 
B,  and  C.  The  latter  could  have  been  derived  from  AB  at  —1.2  b.y.  ago  with  U  enrichment  to  (x  =  20. 
The  confinement  of  all  other  oceanic  Pb  data  (not  shown)  within  the  borders  of  the  mixing  field  indicates 
that  either  mixing  is  very  recent  (thus  U-Pb  fraction  is  not  reflected  in  Pb  isotopic  composition)  or  mixing 
continued  since  the  formation  of  source  C  but  did  not  result  in  serious  U-Pb  fractionation.  Alternatively, 
C  may  not  be  a  well-defined  source  and  the  B-C  trend  may  have  been  affected  through  strong  increase 
in  |jl  values  in  recent  magmas  (e.g.,  200  m.y.  old)  derived  from  source  B. 

The  average  composition  of  Pb  on  the  surface  of  Earth,  the  so-called  modern  terrestrial  lead,  MT 
(Stacey  and  Kramers,  1974),  plots  on  line  B-C  in  the  close  vicinity  of  B.  This  is  a  reflection  of  the  strong 
association  of  the  Earth's  crust  with  source  B.  Consequently,  "age  of  the  Earth"  calculations  based  on 
the  average  composition  of  surface  Pb  yield  artificially  low  values  of  -4.43  b.y.  (Patterson,  1956;  Stacey 
and  Kramers,  1974). 
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ol'b  =  aP  +  m-o  (eAr"  -  eAr') 


+  M-b  (e 


A  Tl 


eM),      (8) 


|xB,  and  the  corresponding  initials,  a'B, 
are  calculated.  The  appropriate  |a#  is  the 
one  which  produces  a'B  and  (3'#  that  fit 
where  for  a  fixed  value  for  a  deposition  on  growth  curve  B  in  Fig.  63a.  This  is 
age  t,  a  series  of  values  are  assumed  for      \x,B  =  9. 15.  Finally,  the  Pb  composition 
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Fig.  65.     An  outline  of  the  evolution  of  radiogenic  Pb  using,  for  simplicity,  only  20tiPb/204Pb. 

(1)  4.50  b.y.  ago  the  Earth  experienced  its  first  global  episode  resulting  in  the  formation  of  an  ancestor 
source,  AB,  which  became  enriched  in  U  to  have  (jl  =  (^"U/^Pb),^^  of  8.63,  compared  with  an  estimated 
(x  =£  1  for  the  starting  material  (Tera,  1982).  The  4.50-b.y.  age  represents  an  average  date  for  initial 
global  melting  (see  Wetherill,  1980)  and  furnishes  a  lower  limit  to  the  age  of  the  Earth  which  could  have 
accreted  as  early  as  4.56  b.y.  ago  (age  of  the  oldest  meteorites,  point  1'),  but  the  effective  start  of  the 
U-Pb  clock  is  indicated  by  the  date  of  strong  U  enrichment  in  source  AB.  P  stands  for  primordial  lead. 

(2)  A  second  thermal  episode  occurred  3.6  b.y.  ago  and  resulted  in  further  differentiation  of  a  portion 
of  the  ancestor  source  into  two  global  subsystems,  A  and  B.  These  are  counterparts,  where  source  B 
(presumably  the  melt)  has  \lh  =  9.15,  and  source  A  (the  residue)  has  \x,A  =  7.05.  No  solid  rock,  which 
may  have  been  formed  a  few  hundred  million  years  after  the  formation  of  AB,  survived  resetting  (i.e., 
partial  or  total  melting)  in  the  second  episode. 

(3)  The  Archean  event  at  2.6  b.y.  has  little  apparent  effect  on  the  sources.  However,  as  shown,  its 
onset  marked  the  closure  of  source  A  for  the  production  of  conformable  galenas  (solid  circles)  and  the 
opening  of  source  B  from  which  these  galenas  are  tapped  till  the  present. 

(4)  The  oceanic  Pb  field  in  Fig.  64  is  compatible  with  the  derivation  of  a  fourth  source,  C,  from  AB  at 
~1.2  b.y.  ago.  In  this  process,  C  was  enriched  in  U  to  have  \l  —  20.  Even  if  the  oceanic  field  is  proven 
to  be  due  to  an  alternative  process,  as  outlined  below,  it  is  the  author's  conjecture  that  a  fourth  episode 
may  still  exist  and  that  an  active  search  may  reveal  its  worldwide  imprint. 

(5)  The  oceanic  mixing  line  B-C  is  defined  by  a  number  of  islands  (  x  's)  having  nearly  constant  207Pb/ 
204 Pb  similar  to  that  of  source  B.  This  suggests  that  the  points  on  line  B-C  could  have  been  produced 
by  recent  magmas  (e.g.,  200  m.y.  old)  from  source  B.  For  these  magmas,  (jl  was  increased  to  values  as 
high  as  70.  Irrespective  of  this  conjecture,  a  weak  fifth  episode  is  inferred  from  the  pervasive  magmatism 
in  recent  times. 
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of  source  B  is  calculated  from  Equation 
(6)  after  substituting  |xB  for  (x^. 

The  Pb  isotopic  compositions  of  the 
above-mentioned  sources  are  plotted  in 
Fig.  64.  In  this  figure  the  triangle  AB- 
B-C  is  the  field  defined  by  oceanic  Pb.  A 
notable  deviation  is  presented  by  the  is- 
land of  St.  Helena.  One  striking  feature 
of  oceanic  Pb  is  the  fact  that  a  number 
of  islands,  for  example  Ascension,  Azores, 
Bouvet,  Fernando  de  Noronha  (all  not 
shown),  and  Guadalupe  fall  on  a  linear 
trend  parallel  to  the  abscissa  at  the  level 
of  source  B.  This  may  be  explained  in 
two  ways: 

(1)  The  trend  is  a  mixing  line  of  zero 
age  with  source  B  being  one  end  mem- 
ber. As  shown  in  Fig.  64,  oceanic  Pb  con- 
stitutes a  second  linear  trend  originating 
near  AB  with  a  slope  corresponding  to 
—1.2  b.y.  This  trend  intersects  the  hor- 
izontal trend  at  Guadalupe.  If  the  second 
trend  is  also  nearly  of  zero  age,  then  the 
—1.2  b.y.  date  may  approximate  the  age 
of  a  source,  C,  constituting  an  end  mem- 
ber common  to  both  trends.  In  this  case 
the  oceanic  field  is  the  result  of  mixing 
of  magma  from  three  sources:  AB,  B,  and 
C. 

(2)  It  is  peculiar  that  source  C  falls  at 
the  same  207Pb/204Pb  level  as  source  B. 
This  opens  the  possibility  that  the  hori- 
zontal trend  may  have  been  produced  by 
magmas  from  source  B  which  experi- 
enced recent  strong  enrichment  in  U  rel- 
ative to  Pb.  In  this  case  the  horizontal 
trend  is  the  result  of  the  large  disparity 
in  the  production  rates  of  206Pb  and  207Pb, 
the  rate  being  too  low  for  207Pb  in  recent 
times.  As  an  example,  if  a  magma  de- 
rived from  source  B  experienced  200  m.y. 
ago  relative  enrichment  in  U  to  (jl  =  70, 
it  would  plot  today  close  to  Guadalupe. 
A  good  matching  with  the  latter  would 
further  require  |xB  =  9  rather  than  9.15. 
Assuming  that  source  B  is  slightly  het- 
erogeneous, with  (x  ranging  from  9  to  9.3, 
then  U  enrichment  from  |x  =  9.3  to  |x  = 
80  at  200  m.y.  ago  would  also  produce 
St.  Helena  from  source  B.  Recent  U  en- 
richment may  be  achieved  by  the  ascent 
of  small  volumes  of  magma  from  source 


B  through  paths  several  tens  of  kilome- 
ters long  in  the  asthenosphere.  (Note  that 
in  this  scenario,  C  is  not  a  well-defined 
source.) 

In  Fig.  65,  a  simplified  presentation 
using  only  one  isotopic  ratio  is  used  to 
give  a  conjectural  outline  of  the  evolution 
history  of  the  Earth,  as  suggested  to  the 
author  from  the  data  under  considera- 
tion. Tentatively,  a  pattern  of  five  epi- 
sodes occurring  at  equal  intervals  of  about 
one  billion  years  each  is  proposed.  De- 
tails are  in  the  caption  of  Fig.  65. 
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Time-Dependent  Numerical 
Models  of  Mantle  Convection 

Alan  Paul  Boss  and  I.  Selwyn  Sacks 

An  understanding  of  possible  convec- 
tive  motions  in  the  Earth's  mantle  is  fun- 
damental for  creating  a  consistent 
geophysical  model  of  the  Earth.  The  mo- 
tions are  driven  by  the  heat  escaping  from 
the  core  of  the  Earth  and  by  the  heat 
released  through  radioactive  decay  of 
elements  in  the  mantle  itself;  lower  man- 
tle rock  becomes  less  dense  as  it  is  heated, 
and  hence  is  forced  upward  by  its  buoy- 
ancy, while  cooler  rock  closer  to  the  sur- 
face sinks. 
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To  date,  there  have  been  no  direct 
measurements  of  convection,  but  obser- 
vations of  mantle  seismic  velocity  het- 
erogeneity, surface  heat  flow,  and 
geochemical  data  provide  strong  bounds 
on  permissible  convection  models.  Geo- 
chemical analyses  (see,  for  example,  Hof- 
mann  et  al.,  1978)  suggest  that  multiple 
sources  of  isotopically  and  elementally 
distinct  rocks  exist  in  the  mantle  on  a 
global  scale.  One  explanation  for  how  such 
sources  could  survive  without  being  ho- 
mogenized in  what  may  be  relatively  vig- 
orous convection  of  the  mantle  is  to 
postulate  that  the  mantle  convection  oc- 
curs in  several  noninteracting  layers.  That 
is,  heat  is  passed  from  layer  to  layer,  but 
little  material  is  intermixed  between  the 
layers.  In  this  way  distinct  reservoirs 
could  be  maintained.  Some  interpenetra- 
tion  must  occur,  of  course,  in  order  for 
samples  of  the  lower  reservoirs  to  reach 
the  Earth's  surface.  Also,  there  are  sug- 
gestions that  the  Earth  has  gone  through 
episodic  periods  of  differentiation  roughly 
every  1  b.y.  since  its  formation  4.5  b.y. 
ago  (Tera,  1982).  The  implication  of  this 
evidence  is  that  the  Earth's  mantle,  ei- 
ther now  or  in  the  past,  has  had  distinct 
layers  of  convection  which  have  been  al- 
tered over  geological  time.  In  contrast, 
nearly  all  previous  models  of  the  motions 
in  the  Earth's  mantle  have  ignored  the 
changes  in  convective  patterns  through 
time  and  concentrated  on  finding  the  long- 
term,  steady-state  patterns  (e.g.,  Torr- 
ance and  Turcotte,  1971).  Furthermore, 
these  studies  favor  a  single  layer  of  con- 
vection throughout  the  mantle. 

The  objective  of  this  paper  is  to  show 
that  the  time  evolution  of  the  convective 
patterns  may  be  an  important  factor.  In 
this  first  phase  we  attempt  to  gain  some 
insight  into  the  importance  of  the  various 
parameters. 

Numerical  Methods 

The  time-dependent  models  of  mantle 
convection  are  calculated  with  the  finite- 
amplitude  numerical  code  developed  by 
Richard  A.  Lux  at  DTM.  Because  the 


code  has  been  described  in  detail  previ- 
ously (Lux  and  Sacks,  1980),  we  note  only 
a  few  of  the  most  important  features  here. 
The  numerical  code  allows  the  study  of 
two-dimensional,  Boussinesq  convection 
in  a  Cartesian  coordinate  box  (x  horizon- 
tal, y  vertical),  heated  from  below  and/ 
or  internally.  The  boundaries  of  the  box 
are  taken  to  be  free-slip,  with  insulating 
side  walls,  and  the  temperature  is  pre- 
scribed along  the  top  and  bottom  of  the 
box.  With  these  boundary  conditions,  the 
symmetry  allows  the  numerical  grid  to 
be  thought  of  as  a  single  box  in  an  infinite 
array  of  boxes,  with  each  box  being  the 
mirror  image  of  its  neighbor  and  with 
each  box  being  of  infinite  extent  in  the 
third  (z)  direction.  While  some  of  the  ap- 
proximations involved  in  applying  this 
numerical  model  to  the  mantle  are  very 
good  (Richter,  1973),  others  are  retained 
solely  for  the  sake  of  simplification  (such 
as  ignoring  spherical  geometry,  three- 
dimensional  flow,  viscous  dissipation,  and 
compressibility). 

The  numerical  code  was  previously  used 
to  obtain  steady-state  solutions  of  con- 
vective flow  (Lux  and  Sacks,  1980).  The 
same  code  can  be  used  to  study  the  time 
evolution  of  such  flows,  because  the  it- 
eration procedure  used  to  reach  the  steady 
state  is  formally  equivalent  to  an  evo- 
lution in  time;  the  time  dependence  en- 
ters in  explicitly  in  the  energy  equation 
(equation  (2)  of  Lux  and  Sacks,  1980). 
Hence  the  Lux  code  could  be  used  in 
nearly  its  original  form  for  this  study. 
The  only  major  changes  to  the  code  have 
been  to  adapt  it  for  use  on  the  recently 
acquired  VAX  11/780  computer  (see  Boss 
and  Linde,  this  Report),  and  to  allow  for 
variations  in  the  temperature  boundary 
conditions  at  the  bottom  of  the  box,  of 
the  arbitrary  form 

T(y  =  0)  =  1  +  a  cos  (jbxit),      (1) 

where  a  and  b  determine  the  amplitude 
and  spacing  of  the  temperature  varia- 
tions, and  where  the  temperature  has 
been  normalized  to  1  as  described  in  Lux 
and  Sacks  (1980). 
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The  VAX  11/780  implementation  is 
crucial  for  developing  confidence  in  the 
models  and  for  computing  them  in  a  rea- 
sonable amount  of  time.  On  the  DTM  PDP 
11/34,  the  grid  is  restricted  to  a  maxi- 
mum resolution  of  19  x  19,  which  is  ex- 
ceedingly coarse,  whereas  the  VAX  11/ 
780  allows  a  resolution  of  over  100  x  100, 
and  executes  programs  ten  times  faster. 

Results 

The  time  evolution  of  a  numerical  model 
is  dependent  upon  the  choice  of  the  initial 
conditions,  the  ratio  of  the  width  to  depth 
of  the  box,  the  viscosity  law,  the  type  of 
heating,  and  the  Rayleigh  number  Ra. 
We  have  calculated  a  number  of  models 
with  variations  in  some  of  these  param- 
eters. All  of  the  models  started  from  the 
same  initial  conditions,  which  were  cho- 
sen to  be  a  state  of  pure  conduction  (uni- 
form temperature  gradient,  with  T(y  = 
0)  =  1,  and  T(y  =  1)  =  0)  with  essen- 
tially no  fluid  motion.  Superimposed  on 
top  of  this  was  a  random  amount  of  noise 
at  the  5%  level,  added  into  both  the  tem- 
perature and  the  initial  stream  function. 
The  ratio  of  width  to  depth  of  the  box, 
A,  has  been  varied  between  1  and  2;  in 
most  calculations  A  -  1.4.  The  viscosity 
law  has  been  taken  to  be  the  exponential 
dependence  of  viscosity  on  temperature 
given  by  Torrance  and  Turcotte  (1971), 
v  =  exp(C[0.5  -  T]),  with  C  =  6,  giving 
an  initial  variation  of  the  viscosity  by  a 
factor  of  400  between  the  top  and  the 
less- viscous  bottom  of  the  box.  The  type 
of  heating  has  been  varied  from  (1)  all 
heat  coming  from  the  bottom  of  the  box 
to  (2)  half  the  heat  from  the  bottom  and 
half  from  sources  distributed  uniformly 
within  the  box  to  (3)  all  the  heat  coming 
from  sources  within  the  box.  The  Ray- 
leigh number,  which  is  a  measure  of  the 
effectiveness  of  buoyancy  in  producing 
convection  versus  the  resistance  from 
viscosity  and  diffusion  of  heat  due  to 
thermal  conductivity,  has  been  varied 
from  105  to  108.  An  estimated  value  for 
Ra  in  the  mantle  is  about  107,  on  the  basis 
of  whole-mantle  convection  (i.e.,  at  a 


depth  of  2900  km),  a  mantle  viscosity  of 
1022  poises  (Peltier,  1980),  and  the  usual 
values  for  the  other  mantle  properties 
(see  table  15,  Lux  and  Sacks,  1980). 

We  have  also  performed  several  cal- 
culations with  variations  in  the  assumed 
temperature  along  the  bottom  of  the  box. 
In  so  doing,  we  were  motivated  by  the 
discovery  of  lateral  heterogeneities  in  the 
seismic  velocity  structure  in  the  D"  layer 
(Sacks,  Snoke,  and  Beach,  1979).  This 
layer  occurs  near  the  bottom  of  the  man- 
tle, and  the  velocity  variations  can  be 
interpreted  as  due  to  density  variations 
within  convective  cells  of  diameter  150 
km.  Thus  there  are  indications  that  the 
heat  flow  into  the  mantle  from  the  core 
produces  a  layer  of  instability  to  convec- 
tion, and  the  activity  in  this  layer  may 
have  an  important  effect  upon  the  con- 
vective patterns  in  the  overlying  mantle. 
The  variation  implied  by  Equation  (1)  was 
used  as  a  crude  model  for  the  expected 
variations  in  the  D"  layer. 

We  first  present  the  results  from  a  few 
selected  models,  and  then  summarize  in- 
formation gained  from  the  complete  set 
of  calculations.  In  each  of  the  figures,  the 
panels  show  contours  of  the  stream  func- 
tion, the  horizontal  velocity  as  a  function 
of  depth,  isotherms  of  the  temperature 
distribution,  and  the  mean  temperature 
as  a  function  of  depth.  The  fluid  flows 
along  the  contours  of  the  stream  func- 
tion, with  the  flow  being  counterclock- 
wise in  regions  of  positive  stream  function, 
and  clockwise  in  regions  of  negative 
stream  function.  The  times  listed  are  ap- 
propriate for  models  scaled  to  whole- 
mantle  convection. 

Figure  66  shows  the  time  evolution  of 
a  model  with  Ra  =  105,  A  =  1.4,  and 
uniform  bottom  heating.  The  first  set  of 
panels  shows  the  initial  conditions  for  a 
typical  model,  namely  a  fluid  at  rest  with 
a  uniform  temperature  gradient  with  a 
small  amount  of  noise  superimposed.  In 
all  the  models,  the  initial  conditions  are 
so  far  from  steady  state,  because  of  the 
absence  of  convection,  that  initially  a  burst 
of  convection  occurs.  This  burst  is  char- 
acterized by  the  release  of  a  large  plume 
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Fig.  66.  Time  evolution  of  a  model  of  mantle  convection  with  Ra  =  105  and  uniform  bottom  heating. 
In  this  figure,  as  well  as  in  the  others,  the  stream  function  is  contoured  at  values  of  zero  and  Vs,  3/s, 
5/8,  and  7/8  of  the  minimum  and  maximum,  and  the  isotherms  are  contoured  at  temperatures  of  Vio,  3/io, 
5/io,  7/io,  and  9/io.  Plus  signs  denote  local  maxima,  and  minus  signs  local  minima.  The  horizontal  velocity 
can  be  converted  to  a  dimensioned  velocity  by  multiplying  by  10  "3  cm/yr. 


of  hot  fluid,  as  shown  in  Fig.  66  at  1.5 
b.y.  In  this  case,  the  plume  rises  to  the 
top  of  the  cell  and  spreads  out,  leaving 
behind  a  single  layer  of  convective  cells 
in  the  nearly  isothermal  bulk  of  the  box. 
The  pattern  only  slowly  approaches  the 
steady-state  configuration  of  a  single  cell 
(Lux  and  Sacks,  1980);  even  by  20.0  b.y., 
two  cells  are  competing  with  each  other. 
Figure  67  displays  the  results  for  a  cal- 
culation identical  to  the  previous  one,  ex- 
cept that  now  Ra  =  107.  Because  the 
form  of  the  initial  noise  was  identical  to 
that  of  the  previous  case,  this  system 
goes  through  a  similar  initial  phase  of 
plume  formation.  (Compare  Fig.  66  at  1.5 
b.y.  and  Fig.  67  at  15  m.y.)  Thereafter 


the  evolutions  diverge,  producing  in  the 
new  case  a  chaotic  sequence  of  double- 
layer  convective  cells  (450  m.y.,  1.3  b.y.). 
Eventually  this  double-layer  effect  dis- 
appears, and  a  single  layer  of  cells  dom- 
inates the  remainder  of  the  evolution  (3.5 
b.y.). 

The  next  model  was  calculated  with 
the  variation  implied  by  Equation  (1),  with 
a  =  0.25  and  6  =  2,  producing  maxima 
in  the  bottom  temperature  denoted  by 
the  plus  signs  at  the  bottom  of  the  iso- 
therm plots  in  Fig.  68.  Again,  Ra  -  107 
and  A  -  1.4.  As  seen  at  15  m.y.,  the 
imposition  of  the  bottom  temperature 
variation  prejudices  the  initial  plume  for- 
mation to  occur  over  the  maxima  in  the 
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Fig.  67.     Time  evolution  of  a  model  of  mantle  convection  with  Ra  =  107  and  uniform  bottom  heating. 


bottom  temperature,  as  one  would  ex- 
pect. The  plumes  again  rise  and  spread 
out  (57  m.y.),  and  then  the  cell  experi- 
ences a  transitory  phase  of  fairly  well 
ordered  double-layer  convection  (360 
m.y.,  660  m.y.).  The  double-layer  pat- 
tern disappears  by  1.5  b.y.,  and  the  flow 
tends  toward  the  presumed  steady-state 
flow  of  a  single  cell  (2.0  b.y.).  Note  that 
in  this  figure,  as  in  the  others,  the  bulk 
of  the  box  is  isothermal,  with  nearly  all 
the  temperature  change  confined  to  the 
upper  and  lower  boundary  layers.  Be- 
cause of  the  restriction  of  the  numerical 
code  to  uniform  spacing  of  grid  points,  it 
is  not  possible  to  resolve  properly  these 
thin  layers  without  greatly  increasing  the 
number  of  grid  points.  However,  com- 
parison calculations  were  made  between 


models  with  19  x  19  and  37  x  37  grids, 
and  the  results  in  both  calculations  were 
qualitatively  and  quantitatively  quite 
similar.  While  we  cannot  be  sure  about 
possible  instability  in  these  upper  and 
lower  boundary  layers,  we  are  reason- 
ably confident  that  the  flow  in  the  bulk 
of  the  cell  has  been  correctly  repre- 
sented. 

We  now  summarize  the  complete  set 
of  models.  The  time  development  is  sen- 
sitive to  the  initial  choice  of  the  noise 
pattern,  in  that  the  location  of  the  rising 
plume  will  vary  with  the  noise  chosen. 
However,  when  variations  in  the  bottom 
temperature  are  present,  these  varia- 
tions determine  the  location  of  the  rising 
plumes  rather  than  the  noise  (at  least  at 
the  relative  amplitudes  chosen  in  this 
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Fig.  68.     Time  evolution  of  a  model  of  mantle  convection  with  Ra  =  107  and  spatial  variations  in  the 
bottom  heating.  Plus  signs  along  the  bottom  of  the  isotherm  plot  indicate  local  temperature  maxima. 
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study).  As  the  Rayleigh  number  is  in- 
creased, the  likelihood  of  occurrence  of  a 
transient  phase  of  double-layer  convec- 
tion increases.  Increasing  the  aspect  ra- 
tio A  has  little  effect  on  the  tendency  to 
double-layer  flow.  Varying  the  location 
of  the  heating  between  all  bottom  or  all 
internal  sources  also  has  little  qualitative 
effect  on  the  double-layer  phenomenon. 
Increasing  the  number  of  temperature 
maxima  along  the  bottom  of  the  box  can 
increase  the  number  of  cells  formed  in 
the  double-layer  phase.  The  double-layer 
phase  occurs  without  the  presence  of  the 
large  temperature  difference  required  for 
the  pattern  to  be  stable  in  steady  state. 

Conclusions 

We  have  seen  that  steady-state  mantle 
flows  cannot  be  obtained  within  the  age 
of  the  Earth,  starting  from  an  arbitrary 
initial  condition.  Hence  one  must  con- 
sider the  initial  conditions  for  the  Earth, 
i.e.,  at  its  formation.  It  is  possible  that 
the  way  in  which  the  Earth  was  assem- 
bled from  the  protoplanetary  bodies  (see 
Wetherill,  1980)  may  have  set  the  course 
for  the  next  several  billion  years  of  con- 
vection. Considering  that  the  time  scale 
for  plate  tectonic  motion  is  on  the  order 
of  0. 1  b.y. ,  it  is  clear  that  time-dependent 
models  are  a  necessity  for  understanding 
mantle  convection. 

The  temperature  distribution  in  the  D" 
layer  may  have  a  controlling  influence  on 
mantle  convection.  We  have  also  seen  that 
a  transient  phase  of  double-layer  con- 
vection may  occur.  The  double-layer  phase 
occurs  at  large  Ra,  where  convection  is 
so  efficient  that,  coupled  with  the  chosen 
initial  conditions,  the  initial  burst  of  con- 
vection results  in  an  inverted  tempera- 
ture gradient  in  the  middle  of  the  box. 
The  fluid  in  this  region  is  stable  with  re- 
spect to  convection;  in  fact,  conduction 
momentarily  moves  heat  back  down- 
ward. Thus  a  nonconvective  layer  occurs 
at  the  center  of  the  box,  while  the  normal 
temperature  gradients  at  the  upper  and 
lower  boundary  layers  drive  convective 
cells  in  a  double-layer  pattern.  The  in- 


verted gradient  is  erased  by  these  con- 
vective motions,  and  once  the  inverted 
gradient  disappears,  the  double-layer  cells 
merge  and  form  a  more  efficient  pattern 
of  single-layer  cells.  The  transient  phase 
of  double-layer  convection  may  last  for  1 
b.y.;  the  individual  cells  last  roughly  one 
turnover  time. 

Inverted  temperature  gradients  are  not 
thought  to  exist  currently  in  the  Earth. 
Some  theories  of  Earth  formation,  where 
heat  released  by  impacting  material  is 
quickly  radiated  into  space,  predict  the 
Earth's  outer  half  initially  to  be  nearly 
isothermal  (e.g.,  Hanks  and  Anderson, 
1969).  However,  more  recent  theories, 
based  on  current  scenarios  for  terrestrial 
planet  accumulation,  presume  that  this 
heat  is  trapped  beneath  the  surface  by 
the  impact  and  hence  entail  increasing 
temperatures  with  radius  (e.g.,  Kaula, 
1980).  The  inverted  temperature  gra- 
dients in  these  theories  should  enhance 
the  possibility  of  double-layer  convec- 
tion. Furthermore,  because  planetary 
accumulation  did  not  halt  4.5  b.y.  ago, 
there  is  possibility  that  the  late  bom- 
bardment of  the  terrestrial  planets  may 
have  included  impacts  of  sizeable  bodies 
upon  Earth  as  recently  as  3.9  b.y.  ago 
(Wetherill,  1977).  Hence,  the  calcula- 
tions imply  that  periods  of  double-layer 
convection  may  well  have  existed  in  the 
past,  whether  or  not  that  configuration 
exists  today. 
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Rb-Sr  Whole-Rock  Studies  in 

Western  Connecticut 

Douglas  Mose* 

The  Paleozoic  granitic  rocks  of  west- 
ern Connecticut  (Fig.  69)  are  muscovite 
+  biotite  rocks  that  are  massive  or  fol- 
iated. First  grouped  under  the  name 
"Thomaston  Granite"  (Agar,  1934),  they 
are  now  subdivided  into  three  groups 
based  on  composition  and  texture.  The 
Nonewaug-type  granite  is  found  mostly 
in  the  Woodbury  quadrangle  (Gates,  1954) 
and  is  an  unfoliated  granite  which  shows 
no  cataclasis  and  which  shows  textural 
layering.  It  contains  graphic  granite, 
plumose  muscovite,  a  plagioclase/micro- 
cline  ratio  greater  than  1,  and  a  muscov- 
ite/biotite  ratio  also  greater  than  1.  This 
type  of  granite  is  generally  thought  to 
be  a  post-tectonic  intrusion,  showing  lo- 
cal discordance  with  its  host  rock  and 

*Department  of  Geology,  George  Mason  Uni- 
versity, Fairfax,  Virginia. 


crosscutting  dikes.  The  Mine  Hill  type  is 
found  mostly  in  the  Roxbury  quadrangle 
(Gates,  1959)  and  is  a  foliated  and  fine- 
to-medium-grained  granite  gneiss  which 
locally  shows  a  small  amount  of  cataclasis 
and  some  textural  layering.  It  contains 
no  graphic  granite  or  plumose  muscovite. 
It  has  a  plagioclase/microcline  and  a  mus- 
covite/biotite  ratio  greater  than  1.  This 
type  of  granite  is  generally  thought  to 
be  syn-  or  pre-tectonic  intrusion  which 
has  little  metamorphic  effect  on  its  host 
rocks.  The  third  type  of  granite,  the  Ty- 
ler Lake  type,  is  found  mostly  in  the  West 
Torrington  and  Cornwall  quadrangles 
(Gates,  1961).  It  has  a  texture  ranging 
from  massive  to  gneissic  and  shows  ex- 
tensive cataclasis,  and  it  contains  no 
graphic  granite  or  plumose  muscovite.  In 
areas  of  strong  cataclasis  it  has  a  plagio- 
clase/microcline of  less  than  1  and  a  mus- 
covite/biotite  of  about  1 ,  but  in  areas  of 
weak  cataclasis  it  has  a  composition  sim- 
ilar to  the  Mine  Hill  type.  The  Tyler  Lake 
type  is  generally  thought  to  have  been 
produced  in  areas  where  the  Mine  Hill 
type  was  modified  by  cataclasis. 

The  textures  of  the  three  granite  types 
suggest  that  the  Nonewaug  type  is  the 
youngest  of  the  granites.  This  age  rela- 
tionship is  seen  in  the  field,  in  areas  where 
sills  and  dikes  of  Nonewaug-type  granite 
cut  across  Mine  Hill-type  granite  gneiss 
(Gates  and  Bradley,  1952;  Gates,  1954). 
In  the  following  section,  it  will  be  shown 
that  Rb-Sr  age  determinations  support 
the  observed  age  relationship. 

Geochronology  and  Conclusions 

Samples  of  Rb-Sr  age  determinations 
were  collected  from  the  Nonewaug-type 
granite  in  the  Woodbury  and  Waterbury 
quadrangles,  and  samples  were  collected 
from  the  Mine  Hill  type  in  the  Kent,  New 
Milford,  and  Danbury  quadrangles.  The 
Rb-Sr  study  used  the  process  described 
in  Ellwood  and  others  (1980).  The  one- 
standard-deviation  experimental  error  for 
^Rb/^Sr  is  2.0%  and  for  ^Sr/^Sr  is  0.05%. 
The  errors  shown  on  the  isochron  dia- 
grams (Fig.  70)  are  given  at  the  68%  con- 
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Fig.  69.     Quadrangle  maps  in  western  Connecticut  showing  the  outcrop  areas  of  granitic  rocks  of 
Paleozoic  age. 
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fidence  level  for  the  age  and  initial  87Sr/ 
86Sr;  the  data  are  shown  as  2-sigma  error 
boxes. 

The  Nonewaug-type  granite  was  stud- 
ied with  care  to  note  the  petrography  of 
the  samples.  As  mentioned  earlier,  un- 
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usual  varieties  (graphic  granite,  plumose 
muscovite)  occur  in  the  pluton.  In  the 
course  of  the  Rb-Sr  study,  it  became  clear 
that  the  fine-to-medium-grained  granite 
samples  did  yield  a  linear  array  on  an 
isochron  diagram,  and  that  the  samples 
collected  from  or  near  texturally  unusual 
material  did  not.  The  fine-to-medium- 
grained  material  yielded  an  isochron  age 
of  about  385  m.y.  and  an  initial  ratio  of 
about  0.7165  (an  isochron  from  all  the 
samples  yielded  an  age  of  350  ±  31  m.y. 
and  an  initial  ratio  of  0.7189  ±  0.0016). 
The  Mine  Hill-type  granite  gneiss  was 
studied  in  four  areas.  Three  collections 
came  from  what  is  locally  known  as  the 
Candlewood  Lake  pluton  and  one  came 
from  what  is  called  the  Brookfield  Center 
pluton.  An  examination  of  the  isochron 
ages  indicates  that  this  type  of  granite 
was  emplaced  about  435  to  445  m.y.  ago 
with  an  initial  87Sr/86Sr  of  about  0.710. 

Since  it  can  be  concluded,  on  the  basis 
of  field  and  textural  evidence,  that  the 
major  metamorphic  event  that  recrys- 
tallized  this  area  is  probably  bracketed 
by  the  crystallization  ages  of  the  Mine 
Hill-type  granite  gneiss  and  the  None- 
waug-type  unfoliated  granite,  the  Rb-Sr 
isochron  ages  show  that  this  event  oc- 
curred at  some  time  between  about  440 
and  380  m.y.  ago.  Additional  studies  on 
other  examples  of  Mine  Hill- type,  Tyler 
Lake-type  and  Nonewaug-type  granite 
may  eventually  better  define  the  event 
which  recrystallized  the  sedimentary  and 


volcanic  rocks  of  western  Connecticut. 
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EXTRAGALACTIC   STUDIES 


Surveys  of  Faint  Galaxies  and 
Quasars 

David  C.  Koo 

Telescopes  are  time  machines.  An  as- 
tronomer studying  the  light  from  a  dis- 
tant object  is  peering  directly  into  the 
past,  for  light  does  not  travel  at  an  in- 
finite speed.  In  fact,  astronomical  dis- 
tances are  often  expressed  by  light-travel 


time:  the  Sun  is  eight  minutes  away,  Pluto 
is  over  five  hours  away,  the  nearest  stars 
several  years,  the  center  of  our  Galaxy 
30,000  years.  The  well-studied  nearby 
galaxies,  the  brightest  of  which  is  barely 
visible  to  the  naked  eye,  are  millions  of 
light-years  away.  Though  extremely  dis- 
tant by  human  standards,  these  travel 
times  are  but  tiny  fractions  of  the  age  of 
our  Universe,  now  believed  to  be  from 
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10  to  20  billion  years  old.  Thus  most  as- 
tronomers are  effectively  studying  "now" 
in  the  grand  evolution  of  the  cosmos. 

Technological  advances  in  the  last  de- 
cade, however,  have  greatly  enhanced 
the  telescope  as  a  time  machine  by  in- 
creasing our  ability  to  study  ever-fainter 
and  ever-more-distant  objects.  These  ad- 
vances include  improvements  in  the  sen- 
sitivity of  detectors,  availability  of  rapid- 
scanning  microdensitometers  to  convert 
photographic  data  to  digital  data,  and  of 
course  tremendous  boosts  in  computing 
power.  For  the  first  time,  we  can  hope 
to  investigate  a  number  of  fundamental 
questions  by  directly  observing  the  Uni- 
verse billions  of  years  in  the  past.  Some 
of  these  questions  are: 

1.  When  did  galaxies  form  and  were 
all  galaxies  formed  at  the  same  time? 

2.  Were  galaxies  on  average  hotter, 
bluer,  and  more  luminous  in  the  past — 
i.e.,  what  has  been  their  star  formation 
history,  their  evolution? 

3.  Were  galaxies  more  or  less  numer- 
ous in  the  past;  were  mergers  of  galaxies 
more  common  long  ago  when  their  num- 
ber densities  were  higher? 

4.  Were  quasars  merely  more  numer- 
ous in  the  past,  and/or  were  they  more 
luminous? 

5.  Has  the  clustering  property  of  gal- 
axies been  changing  as  the  Universe  ex- 
pands? 

To  explore  some  of  these  and  other 
related  questions,  Richard  Kron  at  Yerkes 
Observatory  in  Wisconsin  and  I  have  un- 
dertaken several  surveys  of  very  faint 
objects.  The  foundation  of  these  surveys 
lies  upon  our  collection  of  over  50  pho- 
tographic plates  covering  four  different 
areas  of  the  sky.  All  have  been  acquired 
over  the  last  eight  years  with  a  4-m  tele- 
scope at  Kitt  Peak  National  Observatory 
near  Tucson,  Arizona.  These  plates  are 
first  scanned  with  a  microdensitometer. 
Then  the  data  are  processed  by  computer 
programs  which  automatically  detect  faint 
images,  measure  their  brightness,  posi- 
tion, and  shape,  and  then  classify  them 
into  fuzzy  galaxies  or  point-like  stars  and 
quasar  candidates.  The  resultant  catalog 


of  over  10,000  objects  in  each  field  of  40- 
arc-minute  diameter  contains  objects 
fainter  than  24th  magnitude.  Objects  as 
faint  as  24th  magnitude  are  over  ten  mil- 
lion times  fainter  than  the  faintest  stars 
visible  to  the  naked  eye  (~6th  magni- 
tude). More  importantly,  we  estimate  that 
most  of  these  faint  galaxies  are  being  ob- 
served beyond  one-third  the  age  of  the 
Universe,  i.e.,  from  3.5  to  7  billion  years 
into  the  past. 

Number  Counts  of  Faint  Galaxies 

One  immediate  effort  is  to  count  the 
number  of  galaxies  at  fainter  magni- 
tudes. To  interpret  the  results,  however, 
we  need  to  compare  the  observed  counts 
to  those  predicted  by  models  of  the  Uni- 
verse. In  particular,  we  can  vary  the 
density  and  age  (or  size)  of  our  presumed 
universe  as  well  as  the  evolutionary  his- 
tory of  galaxies  and  see  which  model  uni- 
verse gives  the  best  fit  to  the  data.  The 
creation  of  these  models  is  itself  subject 
to  errors,  of  course,  but  the  models  do 
incorporate  our  best  estimates  of  the 
predicted  changes  in  the  color  and  lu- 
minosity of  galaxies  as  their  constituent 
stars  evolve,  the  distributions  of  galaxies 
of  different  luminosities  and  intrinsic 
colors,  and  even  the  incompleteness  and 
random  photometric  errors  of  our  cata- 
log. 

The  results  of  this  number-count  ex- 
periment are  summarized  in  Fig.  71.  An 
evolutionary  universe  is  definitely  pre- 
ferred. However,  from  these  counts  alone, 
we  can  only  speculate  on  the  nature  of 
the  evolution.  Do  the  observations  indi- 
cate that  galaxies  were  more  numerous 
in  the  past?  Or  were  galaxies  on  average 
brighter?  Or  were  galaxies  hotter,  thus 
bluer,  and  easier  to  detect  than  predicted 
by  our  model  of  no  evolution? 

The  key  information  needed  to  inter- 
pret our  data  accurately  is  the  distance 
of  these  galaxies  from  us.  If  they  are 
nearby,  they  would  be  intrinsically  faint 
and  numerous.  If  they  are  very  distant 
and  thus  luminous,  we  may  well  be  ob- 
serving births  of  galaxies.  Fortunately, 
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Fig.  71.  Points  represent  the  number  of  gal- 
axies in  each  0.25-magnitude  interval  for  an  area 
of  310  square  arc  minutes.  The  data  incorporate 
photometry  from  five  J  plates  (Illa-J  emulsion  with 
GG-385  filter)  taken  of  the  North  Galactic  Pole  (Se- 
lected Area  57).  The  models  are  based  on  the  evolv- 
ing spectral  energy  distributions  developed  by  G. 
Bruzual  and  include  different  luminosity  functions 
for  galaxies  of  different  average  color.  The  model 
counts  were  normalized  to  1.5  galaxies  per  mag- 
nitude per  square  degree  at  15th  magnitude.  The 
no-evolution  model  assumes  that  the  spectral  and 
luminosity  properties  of  galaxies  in  the  past  are 
exactly  the  same  as  those  observed  in  the  current 
epoch.  The  barely  closed  (i.e.,  high-density  with  q0 
=  V2)  evolving  model  assumes  a  Hubble  constant 
(Hfl)  of  50  km/sec/Mpc  and  the  birth  of  all  galaxies 
at  z  =  35.  The  open  (i.e.,  low-density  with  q0  ~  0) 
evolving  model  has  H0  =  100  and  assumes  galaxy 
birth  at  z  =  15.  (An  evolving  model  with  H0  =  50, 
q0  ~  0,  and  galaxy  birth  at  2  =  4.7  would  give  a 
slightly  poorer  fit  than  this.)  All  models  fully  in- 
clude the  effects  of  incompleteness,  photometric 
errors,  and  fluctuations  of  finite  number  counts. 
(See  Kron,  1980;  Bruzual  and  Kron,  1980;  Bruzual, 
1981;  and  Koo,  1981a,b  for  more  details  on  the  tech- 
niques used  for  the  photometry  procedures,  mod- 
els, and  multicolor  analysis.) 

astronomers  have  long  known  that  in  an 
expanding  universe,  distances  of  galax- 
ies can  be  measured  by  their  recessional 
speeds  or  redshifts  (specified  by  z,  de- 
fined as  the  fractional  Doppler  shift  in 
the  wavelength  of  the  spectrum).  Unfor- 
tunately, such  redshifts  usually  require 
that  spectra  be  obtained  of  high-enough 
resolution  to  detect  specific  spectral  fea- 
tures (emission  lines  or  absorption 
troughs).  Until  the  last  few  years,  mea- 
suring the  spectra  of  more  than  a  handful 
would  have  been  out  of  the  question,  even 
with  many  nights  on  the  largest  tele- 
scopes. Fortunately,  we  have  another 
technique,  multicolor  analysis,  to  esti- 
mate the  distances  to  these  faint  images. 


Multicolor  Analysis  of  Faint  Galaxies 

Multicolor  analysis  takes  advantage  of 
one  of  the  major  strengths  of  our  survey: 
several  photographic  plates  are  taken  of 
a  given  part  of  the  sky,  each  plate  through 
a  different  color  filter.  By  measuring  the 
relative  brightness  of  an  image  on  each 
of  these  different  plates,  we  can  obtain 
a  crude  estimate  of  the  shape  of  the  spec- 
trum of  each  object.  In  principle,  if  the 
intrinsic  spectra  of  all  galaxies  were 
identical,  we  could  use  only  two  filters 
and  discriminate  a  nearby  galaxy  from 
one  whose  spectrum  was  shifted  to  the 
red,  i.e.,  redshifted  and  thus  far  away. 
In  reality,  the  spectra  of  galaxies  come 
in  a  variety  of  shapes  (colors),  so  that  an 
apparently  red  galaxy  could  either  be  in- 
trinsically red  and  nearby  or  intrinsically 
bluer  but  redshifted  and  thus  more  dis- 
tant. Sampling  the  spectrum  with  at  least 
three  filters  (we  have  four)  can  help  to 
break  this  ambiguity.  Thus  we  can  probe 
the  redshifts  of  thousands  of  extremely 
faint  galaxies  by  merely  measuring  their 
relative  brightness  on  only  three  plates. 
In  practice,  we  plot  each  galaxy  in  a  two- 
axis  diagram  called  a  color-color  plot, 
where  each  axis  is  a  measure  of  the  dif- 
ference in  the  brightness,  i.e.,  color,  of 
an  image  as  measured  through  two  of  the 
three  filters.  Galaxies  of  different  intrin- 
sic colors  and  different  redshifts  (dis- 
tances) are  found  to  occupy  different 
positions  in  this  plot.  Both  measurement 
errors  and  the  possibility  that  the  same 
position  of  the  plot  can  correspond  to  more 
than  one  redshift  prevent  a  reliable  es- 
timate of  the  redshift  for  a  single  object. 
However,  the  distribution  of  positions 
for  a  large  sample  of  objects  can  provide 
a  powerful  and  new  dimension  to  the  pho- 
tometric analysis  of  galaxy  evolution  and 
cosmology. 

Figure  72  shows  the  color-color  dis- 
tribution for  a  small  fraction  of  our  data 
as  well  as  the  predictions  of  three  mod- 
els. Although  the  general  shapes  of  the 
distributions  are  similar  for  all  four  sets 
of  plots,  it  is  clear  that  the  predictions 
based  on  a  universe  either  with  no  evo- 
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TWO-COLOR   PLOT  OF  GALAXIES 
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Fig.  72.  Each  dot  on  this  color-color  plot  represents  the  position  of  a  galaxy  having  J  (blue)  magnitude 
between  22.5  and  23.0.  J  -  F  color  measures  the  difference  in  the  brightness  of  an  object  on  the  J  (blue) 
from  that  on  the  F  (red)  plates  (this  color  is  close  to  the  Johnson  photoelectric  B  -  V  color);  U  -  J 
color  uses  the  U  (ultraviolet)  plate  and  the  /  (blue)  plate  (this  color  is  close  to  the  photoelectric  U  -  B; 
note  reversal  of  ordinate  axis  from  standard  UBV  plots).  The  data  are  for  all  galaxies  in  a  780-square- 
arc-minute  area  in  Selected  Area  68  (€  =  110,  b  =  -45).  The  models  are  described  in  the  caption  of 
Fig.  71.  (As  before,  the  H0  -  50  evolving  universe  gave  a  poorer  fit  to  the  data  than  the  evolving 
universe  with  H0  =  100.)  The  shape  of  the  distribution  of  dots  rather  than  the  total  number  of  dots 
specified  in  parenthesis,  is  the  important  information.  Crossed  lines  are  fiducial  marks;  note  in  particular 
the  relative  number  of  dots  in  each  of  the  four  quadrants  near  the  intersection  of  the  crossed  lines. 


lution  or  with  high  density  (i.e.,  barely 
closed  with  q0  =  V2)  are  both  poor  fits  to 
the  data.  The  remaining  model  provides 
the  best  fit  and  implies  (1)  that  galaxies 
formed  at  high  redshift  (z  >  5)  in  a  low- 
density,  infinite,  forever-expanding  uni- 
verse (i.e.,  open  with  q0  —  0),  and  (2) 
that  galaxies  have  since  been  evolving  in 
both  color  and  luminosity.  Upon  closer 
scrutiny,  however,  differences  in  the  ac- 
tual distribution  of  the  dots  in  the  lower 
left  quadrant  can  be  seen;  in  particular, 
the  model  shows  a  distribution  that  is 
more  uniform  and  dispersed  than  can  be 
seen  in  the  data.  These  differences  might 
be  explained  by  postulating  a  substantial 
increase  in  the  apparent  numbers  of  blue 
galaxies  at  moderate  redshifts,  by  the 
presence  of  as  yet  unknown  systematic 
errors  in  the  predicted  spectra  of  very- 
high-redshift  galaxies  (as  a  result  of  dust, 
e.g.),  or  if  our  estimates  of  the  luminosity 
of  intrinsically  blue  galaxies  are  too  bright. 
(Our  current  values  are  already  ten  times 


fainter  than  that  for  the  reddest  galax- 
ies.) The  multicolor  approach,  though 
powerful,  cannot  by  itself  help  us  dis- 
criminate among  these  possibilities. 

Spectroscopic  Redshift  Survey  of  Faint 
Galaxies 

We  need  to  complement  our  data  with 
spectroscopic  redshifts.  To  our  good  for- 
tune, Kitt  Peak  National  Observatory  has 
recently  developed  a  system  that  allows 
the  acquisition  of  low-resolution  (15  A) 
spectra  for  about  thirty  objects  simul- 
taneously. A  high-sensitivity  semicon- 
ductor (CCD)  detector  enables  us  to  reach 
objects  fainter  than  22nd  magnitude  (blue) 
with  a  full  night's  exposure  on  the  4-m 
telescope.  The  reduction  of  these  data  is 
still  under  way,  but  from  about  six  dozen 
redshifts  already  measured,  we  find  too 
many  with  redshifts  greater  than  0.25  to 
be  explained  by  our  no-evolution  models. 
The  actual  nature  of  this  evolution  awaits 
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the   accumulation   of  many   more   red- 
shifts. 


Survey  of  Ultra-Faint  Quasars 

In  addition  to  our  very-faint-redshift 
survey  of  "ordinary"  galaxies,  we  have 
included  a  small  sample  of  quasar  can- 
didates. These  candidates  were  chosen 
from  pointlike  objects  in  our  catalog  which 
possessed  color-color  positions  not  char- 
acteristic of  ordinary  stars  in  our  Milky 
Way  Galaxy.  The  numbers  of  such  ob- 
jects at  faint  magnitudes  (from  20  to  23; 
see  Table  12)  have  already  been  found  to 
increase  much  more  slowly  than  at  bright- 
er magnitudes.  (At  brighter  magnitudes, 
each  successive  0.5  magnitude  bin  con- 
tains —2.5  times  more  objects.)  Our  re- 
sults strongly  rule  out  models  of  pure- 
density  evolution  of  quasars  where  only 
their  spatial  number  density  increased  in 
the  past  at  high  redshift.  In  contrast, 
these  counts  are  fully  compatible  with 
pure-luminosity  evolution  models  which 
propose  that  quasars,  as  objects  or  events, 
were  much  more  luminous  and  not  more 
numerous  in  the  early  Universe.  How- 
ever, redshifts  are  again  the  key  to  an 
accurate  interpretation. 

For  example,  based  upon  the  spectra 
of  26  candidates  with  J  magnitudes  be- 
tween 21.5  and  22.5,  we  have  already 
discovered  that  at  least  six  possess  low 
redshifts,  z  <  0.7,  and  thus  intrinsic  lu- 
minosities typical  of  an  average  galaxy. 
More  importantly,  these  objects  do  not 


have  broad  emission  lines  characteristic 
of  quasars.  Therefore,  for  true  quasars, 
our  estimates  in  Table  12  should  be  low- 
ered. The  effect  of  this  revision  will 
strengthen  our  above  conclusions  re- 
garding the  models  of  quasar  evolution. 

Survey  of  Faint  Radio  Sources 

In  addition  to  ordinary  galaxies  and 
quasar  candidates,  our  redshift  survey 
includes  a  number  of  optical  counterparts 
to  radio  sources.  In  a  collaborative  proj- 
ect with  R.  Windhorst  in  Leiden,  Neth- 
erlands, the  Westerbork  radio  inter- 
ferometer has  been  used  to  survey  all 
four  of  our  fields,  at  1400  Mhz  and  600 
Mhz,  to  a  flux  limit  of  about  1  mJy  (Wind- 
horst et  al.,  1982).  Among  -300  radio 
sources  found  at  1400  Mhz  in  a  six-square- 
degree  area,  50%  have  optical  identifi- 
cations. Among  these,  15%  are  stellar 
and  thus  quasar  candidates;  85%  are  fuzzy 
and  thus  radio  galaxies.  The  multicolor 
data  already  hint  at  the  presence  of  sub- 
stantial color  and  number-density  evo- 
lution of  these  radio  galaxies.  However, 
these  results  rely  upon  color-estimated 
redshifts;  as  before,  spectroscopic  red- 
shifts  are  crucial  to  an  accurate  inter- 
pretation. 


Summary 

The  full  four-filter  photometry  and 
redshift  survey  will  take  several  years 
to  complete  in  our  four  fields,  but  the 


TABLE  12.     Number  Counts  of  Quasar  Candidates 


SA57  (1035  arc 

min2) 

SA68t  (1055  arc 

min2) 

J  (blue)  Interval 

(magnitudes) 

All  Stars 

QSO's 

All  Stars 

QSO's 

19.5-20.0 

43 

4 

76 

2 

20.0-20.5 

65 

3 

71 

0 

20.5-21.0 

59 

5 

97 

10 

21.0-21.5 

97 

10 

132 

12 

21.5-22.0 

111 

15 

120 

16 

22.0-22.5 

133 

21 

163 

25 

22.5-23.0 

130* 

29* 

180* 

40* 

*Corrected  for  galaxy  contamination. 

tData  for  SA68  published  in  Koo  and  Kron  (1982). 
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returns  will  be  unparalleled:  a  direct  probe 
of  the  nature  of  our  Universe  billions  of 
years  into  the  past.  In  particular,  we  will 
measure  the  spectral,  luminosity,  and 
number-density  evolution  of  distant  gal- 
axies, faint  quasars,  and  a  complete  sam- 
ple of  faint  radio  sources.  With  the  advent 
of  the  Space  Telescope  in  the  mid-1980's, 
we  can  hope  to  add  another  dimension: 
the  shape  or  morphology  of  distant  ob- 
jects. 

The  current  decade  is  an  exciting  era 
for  astronomers.  Explorations  with  our 
new  time  machines  have  only  begun.  The 
accounts  from  these  scientific  journeys 
back  into  time  will  tell  of  the  life  of  our 
Universe,  of  its  birth  and  youth,  and  of 
its  (and  our  own)  ultimate  fate. 
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Systematic  Dynamical  Properties 
of  Spiral  Galaxies 

Vera  C.  Rubin,  Norbert  Thonnard, 

W.  Kent  Ford,  Jr.,  Bradley  C.  Whitmore, 

and  David  Burstein* 

For  the  past  five  years,  we  have  en- 
gaged in  an  extended  study  of  the  dy- 
namical properties  of  spiral  galaxies 

*National  Radio  Astronomy  Observatory,  Char- 
lottesville, Virginia,  operated  by  Associated  Uni- 
versities, Inc.,  under  contract  with  the  National 
Science  Foundation. 


outside  of  clusters,  in  order  to  determine 
the  relation  of  galaxy  rotational  prop- 
erties to  galaxy  morphology.  We  have 
observed  galaxies  of  Hubble  types  Sa  (i.e., 
galaxies  with  large  central  bulges,  tightly 
wound  arms,  and  few  emission  regions), 
Sb,  and  Sc  (galaxies  with  small  central 
bulges,  open  arms,  and  many  emission 
regions),  emphasizing  galaxies  of  high  and 
low  luminosity  within  each  class.  Spec- 
tral observations  of  the  65  or  so  galaxies 
which  compose  our  sample  come  princi- 
pally from  photographic  image  tube  spec- 
tra taken  with  the  4-m  telescopes  at  Kitt 
Peak  National  Observatory  and  Cerro 
Tololo  Inter-American  Observatory.  A 
few  spectra  come  from  the  100-inch  du 
Pont  Telescope  at  Las  Campanas.  Radio 
observations  of  the  21-cm  line  of  neutral 
hydrogen  for  three-quarters  of  the  pro- 
gram galaxies  come  from  the  300-ft  and 
140-ft  telescopes  at  the  National  Radio 
Astronomy  Observatory. 

From  the  wealth  of  material  contained 
in  these  data  we  stress  two  major  con- 
clusions. (1)  There  are  many  important 
regularities  in  the  galaxy  dynamics,  both 
as  a  function  of  Hubble  type  and  of  lu- 
minosity within  a  given  Hubble  type.  (2) 
These  regularities  require  at  least  two 
parameters  for  their  description:  Gal- 
axies cannot  be  described  in  terms  of  one 
parameter,  be  it  mass,  luminosity,  Hub- 
ble type,  velocity,  mass-to-luminosity  ra- 
tio, or  density. 

Within  a  given  Hubble  type,  the  ro- 
tation curves  vary  very  systematically 
with  luminosity.  Low-luminosity  galax- 
ies have  velocities  which  rise  gradually 
from  the  nucleus  and  reach  a  low  maxi- 
mum velocity  only  in  their  outer  regions. 
Among  galaxies  of  high  luminosity,  ro- 
tational velocities  rise  steeply  from  the 
nucleus,  reach  the  "nearly  flat"  portion 
at  a  small  fraction  of  the  galaxy  radius, 
and  continue  gradually  rising  to  a  high 
maximum  rotational  velocity.  What  dif- 
ferentiates Sa  and  Sc  galaxies  of  equal 
luminosity  is  the  magnitude  of  their  ro- 
tational velocities:  The  maximum  rota- 
tional velocity  of  an  Sa  is  higher  than  that 
of  an  Sb,  which  in  turn  is  higher  than 
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Fig.  73.  Rotational  velocity  as  a  function  of 
fractional  isophotal  radius  for  Sa's  and  Sc's.  Note 
that  within  a  Hubble  type,  rotational  velocity  in- 
creases with  luminosity.  At  equal  luminosities,  Sa 
galaxies  have  higher  velocities  than  Sc's. 

that  of  an  Sc.  This  systematic  variation 
among  the  rotation  curves  is  illustrated 
schematically  in  Fig.  73,  where  we  plot 
the  rotational  velocity  as  a  function  of  the 
fractional  isophotal  radius  for  Sa's  and 
Sc's  of  various  luminosities. 

The  increase  of  rotational  velocity  with 
increasing  luminosity  illustrated  in  Fig. 
73  produces  the  correlation  of  Vmax  with 
luminosity,  i.e.,  the  Tully-Fisher  rela- 
tion. This  correlation  is  shown  in  Fig.  74. 
While  the  correlation  is  denned  by  a  line 

of  slope 10  for  both  the  Sa's  and  the 

Sc's,  there  is  a  significant  displacement 
between  the  two  relations.  At  a  fixed  lu- 
minosity, the  maximum  rotational  veloc- 
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Fig.  74.  The  correlation  of  Vmax  vs.  absolute 
blue  magnitude  for  the  Sa  and  Sc  galaxies.  Note 
the  separation  of  the  Sa  and  the  Sc  galaxies  when 
blue  magnitudes  are  used. 


ity  of  an  Sa  is  about  1.6  times  higher  than 
that  of  an  Sc.  Alternatively,  the  lumi- 
nosity L  of  an  Sc  is  over  two  magnitudes 
brighter  in  the  blue  than  that  of  an  Sa  of 
equivalent  rotational  velocity.  For  an  Sc 
galaxy  to  mimic  some  of  the  dynamical 
properties  of  an  Sa,  it  must  be  larger  and 
more  luminous  than  the  Sa. 

With  increasing  luminosity,  galaxies 
rotate  more  rapidly  (Fig.  74)  and  are 
larger.  But  whereas  rotational  velocity 
is  a  function  of  Hubble  type,  the  corre- 
lation of  luminosity  with  radius  is  the  same 
for  all  Hubble  types  (Fig.  75).  A  relation 
between  radius  and  luminosity  which  is 
independent  of  Hubble  type,  coupled  with 
a  Tully-Fisher  (Vmax,  luminosity)  rela- 
tion which  is  a  function  of  Hubble  type, 
leads  to  an  interesting  result:  The  mass- 
to-light  ratios  of  Sa  and  Sc  galaxies  are 
proportional  to  the  squares  of  their  ro- 
tational velocities.  This  follows  from  the 
evaluation  of  mass,  where  we  model  the 
galaxies  as  spheroids.  Then  from  the 
equivalence  of  gravitational  and  centrif- 
ugal forces,  the  mass  SM(R)  interior  to  R 
is 
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Fig.  75.  The  correlation  of  isophotal  radius  R25 
(the  radius  where  the  surface  brightness  equals 
25th  magnitude  per  square  arc  second)  with  ab- 
solute blue  magnitude  MB,  for  Sa  and  Sc  galaxies. 
Note  the  lack  of  a  Hubble-type  dependence. 


DEPARTMENT  OF  TERRESTRIAL  MAGNETISM 

Hence  we  may  write 


559 


V2(R) 


dJi(R)    m(R) 

a  

R  L 


L 
R' 


or 


V2(R25)sa    _    [WRg5)/L]sa      (L/R25)Sa 

VHRgJsc       W(R25)/L]Sc    (LIR25)Sc> 

where  L  is  the  integrated  blue  luminos- 
ity, and  R25  is  the  isophotal  radius  where 
the  surface  brightness  equals  25th  mag- 
nitude per  square  arc  second.  But  at  a 
fixed  luminosity,  from  Fig.  75, 

(LIR25)Sa  =  (L/R25)Sc, 


so 


ngggjgq    =    W(R,5)/L]Sa 

V*(R25)Sc       m(R25)/L]Sc- 


(2) 


Thus  these  relations  indicate  that  the 
yRIL  ratios  for  Sa  and  Sc  galaxies  (av- 
eraged over  the  optical  image)  are  in  the 
ratio  of  the  squares  of  their  rotational 
velocities.  This  is  an  interesting  predic- 
tion, for  it  relates  in  a  rather  unusual 
form  galaxy  parameters  which  come  from 
very  different  types  of  observations  (i.e. , 
velocities,  radii,  and  luminosities).  Hence, 
the  average  stellar  population  across  a 
galaxy  (which  is  described  in  a  general 
way  by  the  SMIL  ratio)  is  related  also  to 
the  dynamical  properties  of  the  galaxy. 
Moreover,  the  mass-to-light  ratio  is  a 
function  only  of  Hubble  type,  and  not  of 
luminosity.  To  exhibit  this,  we  plot  in 
Fig.  76  the  correlation  of  mass  (interior 
to  the  isophote  of  25th  magnitude  per 
square  arc  second)  with  blue  luminosity. 

The  masses  of  the  galaxies  are  calcu- 
lated from  the  observed  velocities  and 
radii,  using  Equation  (1).  The  luminosi- 
ties come  from  their  tabulated  apparent 
magnitudes,  with  the  distances  deter- 
mined from  their  Hubble  velocities,  with 
H  -  50  km  sec-1  Mpc-1.  Lines  of  con- 
stant WIIL  are  good  fits  to  the  data,  as 
shown.  For  the  Sa's  and  Sc's,  the  (log- 
arithmic) mean  values  of  Wl/L  are  6.1  and 


Fig.  76.  The  correlation  of  mass  with  blue  lu- 
minosity L  for  Sa  and  Sc  galaxies.  Note  the  sep- 
aration of  the  two  Hubble  types.  For  each  Hubble 
type,  the  ratio  of  mass  to  luminosity  is  a  constant, 
independent  of  luminosity.  Lines  of  constant  Wl/L 
equal  to  6.1  and  2.6  are  shown. 


2.6,  respectively.  The  ratio  of  these  two 
values,  (6.1/2.6)172  =  1.5,  is  close  to  the 
value  1.6  indicated  by  the  velocity  sep- 
aration in  Fig,  74.  Hence  the  equality  of 
Equation  (2)  is  confirmed  numerically. 

From  these  correlations,  we  draw  the 
following  conclusions.  At  a  given  Hubble 
type,  galaxies  of  higher  luminosity  are 
larger,  rotate  more  rapidly,  and  have 
higher  density,  but  have  the  same  value 
of  Wl/L  within  the  R25  isophote  as  low- 
luminosity  spirals.  At  a  given  luminosity, 
Sa  and  Sc  galaxies  have  the  same  size, 
but  the  Sa's  have  higher  density,  larger 
mass,  higher  rotational  velocity,  and 
higher  'MIL. 

Thus  to  describe  the  characteristics  of 
a  spiral  galaxy,  at  least  two  parameters 
are  necessary.  One  obvious  set  is  Hubble 
type  and  luminosity.  Alternatively,  WIL 
(or  probably  bulge-to-disk  ratio)  can  sub- 
stitute for  Hubble  type;  radius,  Vniax,  or 
mass  can  substitute  for  luminosity.  A  wide 
variety  of  correlations  can  be  exhibited 
by  substituting  these  alternative  param- 
eters for  those  shown  in  the  figures  which 
accompany  this  paper. 
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We  have  now  completed  the  observa- 
tions and  much  of  the  analysis  of  the  Sa, 
Sb,  and  Sc  field  spirals.  Some  of  the  cor- 
relations we  have  deduced  have  been  dis- 
cussed here  or  in  earlier  Year  Books.  Also 
of  interest  are  the  ranges  of  values  ex- 
hibited by  normal  galaxies.  We  show  in 
Fig.  77  the  range  of  values  of  V))/aj.,  mass 
interior  to  Rg5,  and  '"MIL  exhibited  by  the 
galaxies  in  our  sample.  This  sample  does 
not  represent  a  volume-limited  sample, 
for  we  have  attempted  to  study  the  larg- 
est range  of  luminosity  within  a  Hubble 
class  that  we  could  uncover.  The  varia- 
tion of  luminosity  with  Hubble  type  is 
indicated  schematically  by  the  contour 
lines.  For  SM/L,  which  is  independent  of 
luminosity,  the  mean  values  and  the  one- 
sigma  ranges  are  indicated.  We  are  pres- 
ently analyzing  the  multidimensional 
space  defined  by  the  ranges  of  the  ob- 
served parameters,  to  identify  the  dy- 
namical and  physical  parameters  that  are 
most  important  in  describing  disk  gal- 
axies. 

Almost  all  of  the  results  discussed  so 
far  come  from  observations  of  relatively 
isolated  field  spirals.  We  are  now  ex- 
tending the  observing  program  to  deter- 
mine rotation  curves  for  cluster  spirals 
(Hercules,  Pegasus  I,  Cancer,  and  DC 
1842-63).  The  aim  of  this  related  pro- 
gram is  to  see  if  galaxy  structure  is  al- 
tered by  a  cluster  environment,  and  if 
such  altered  structure  results  in  altered 


dynamical  properties.  For  example,  field 
galaxies  all  show  rotation  velocities  that 
remain  large  at  large  nuclear  distance. 
This  observation  leads  to  the  inference 
that  field  spiral  galaxies  are  surrounded 
by  low-luminosity,  high-mass  halos.  It  is 
the  gravitational  attraction  of  this  mass 
that  keeps  the  velocities  high  across  the 
optical  disks.  In  the  denser  cluster  en- 
vironment, it  is  expected  that  interac- 
tions between  galaxies  may  alter  their 
physical  properties.  Specifically,  ex- 
tended halos  might  be  disturbed  by  the 
presence  of  nearby  galaxies.  Hence  a 
comparison  of  the  rotational  properties 
of  cluster  spirals  with  field  spirals  should 
enable  us  to  infer  the  importance  of  en- 
vironmental effects  in  the  evolution  of 
disk  galaxies. 

To  date,  eight  rotation  curves  have  been 
derived,  for  galaxies  of  types  Sab  through 
Sc,  in  the  Cancer  and  Pegasus  I  clusters. 
Their  dynamical  properties  are  in  no  way 
different  from  those  of  the  field  spirals. 
If  the  remaining  observations  and  anal- 
ysis support  this  result,  then  it  should 
place  serious  constraints  on  the  inferred 
properties  of  spiral  halos. 

Masses  and  Mass-to-Light  Ratios 
of  Galaxy  Pairs 

Linda  Schweizer 

The  mass  of  a  galaxy  is  of  great  inter- 
est not  only  because  it  is  a  fundamental 
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Fig.  77.  (A)  The  range  of  values  of  Vmax  for  Sa,  Sb,  and  Sc  program  galaxies.  Contour  lines  of  equal 
absolute  blue  magnitude  are  indicated.  (B)  The  same,  for  mass  within  the  isophotal  radius,  3J{(i2A5).  (C) 
The  same,  for  il'tVL  ratios.  For  this  quantity,  which  does  not  vary  systematically  with  luminosity  within 
a  single  Hubble  type,  the  logarithmic  mean  values  for  Sa  +  Sab,  Sb  +  Sbc,  and  Sc  galaxies  are  indicated, 
along  with  their  la  ranges. 
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quantity,  but  also  because  it  must  be 
known  in  order  to  understand  the  struc- 
ture, dynamics,  and  evolution  of  galax- 
ies. Also,  evidence  for  or  against  the 
existence  of  large  amounts  of  low-lumi- 
nosity material  surrounding  galaxies 
promises  extensive  consequences  in  cos- 
mology. Yet,  in  spite  of  the  obvious  im- 
portance of  the  subject,  various  methods 
for  determining  mass  still  lead  to  con- 
tradictory results,  with  considerable 
scatter  in  the  derived  mass-to-light  ra- 
tios. 

Pairs  of  galaxies  hold  promise  for  de- 
termining galactic  masses  because  (1)  they 
allow  one  to  estimate  mass  out  to  a  great 
distance  from  the  nucleus  (a  distance  set 
by  the  pair  separation)  and  (2)  they  are 
relatively  simple  dynamical  systems, 
permitting  explicit  modeling  of  their  or- 
bital characteristics.  However,  obtaining 
reliable  results  requires  a  thorough  un- 
derstanding of  sample  selection  proce- 
dures and  statistical  correction  and 
modeling  techniques. 

We  have  been  conducting  an  obser- 
vational and  theoretical  study  of  a  sample 
of  galaxy  pairs  with  the  aim  of  estimating 
the  mass-to-light  ratio  as  a  function  of 
galaxy  type.  Since  samples  chosen  by 
previous  investigators  (Turner,  1976; 
Peterson,  1979)  of  this  subject  have  been 
contaminated  by  "pairs"  that  are,  in  fact, 
just  the  two  brightest  members  of  a  clus- 
ter, we  spent  considerable  effort  in  de- 
vising sample  selection  procedures  to 
maximize  the  probability  of  choosing  pairs 
that  are  both  physically  associated  and 
isolated.  This  led  to  selection  criteria 
based  on  a  dynamical  model  consisting  of 
a  hypothetical  pair  plus  a  perturbing 
nearest  neighbor  in  coplanar  circular  or- 
bits. Guided  by  these  criteria,  a  visual 
search  of  356  ESO-  and  POSS-survey 
fields  in  the  southern  sky  resulted  in  the 
selection  of  a  sample  of  48  galaxy  pairs. 
Fields  with  obvious  clustering  were 
omitted. 

Once  the  sample  was  obtained,  the  ma- 
jor objectives  of  this  project  were  the 
following: 

(1)  Accurate  Magnitudes  and  Veloci- 


ties. All  previous  investigators  have  in- 
cluded in  their  samples  galaxies  having 
excessively  large  errors  in  measured  ve- 
locity. Yet  Freeman  and  van  Albada  (pri- 
vate communication),  and  White  (1981) 
have  shown  that  the  mass-to-light  ratio 
and  derived  orbital  eccentricity  distri- 
bution of  a  sample  are  very  sensitive  to 
the  size  of  random  errors.  Also,  no  one 
has  yet  measured  accurate  magnitudes 
for  their  samples,  even  though  several 
recent  studies  (Kron  and  Shane,  1976; 
Rubin  et  al.,  1976;  and  Huchra,  1976)  have 
shown  that  the  generally  used  Zwicky 
magnitudes  have  systematic  errors.  For 
the  above  reasons,  we  obtained  accurate 
magnitudes  from  multi-aperture  B  (blue) 
and  V  (visual)  photoelectric  photometry, 
and  velocities  from  high-dispersion  im- 
age-tube spectrograms,  for  the  96  gal- 
axies of  our  sample.  The  observations 
were  done  during  15  months  at  the 
0.91-,  1.0-,  and  1.5-meter  telescopes  at 
Cerro  Tololo  Inter-American  Observa- 
tory, and  the  3.6-meter  at  the  European 
Southern  Observatory.  Some  direct 
plates,  for  the  purpose  of  classification, 
were  also  taken  with  the  du  Pont  2.5- 
meter  telescope  at  Las  Campanas.  From 
the  photoelectric  data,  we  derived  mag- 
nitude-aperture curves  as  function  of  gal- 
axy type  and  used  them  to  interpolate  or 
extrapolate  individual  galaxy  magni- 
tudes to  B25  and  V,,5.  Corrections  were 
applied  for  Galactic  absorption  and  for 
inclination  effects.  All  spectrograms  were 
measured  on  the  CTIO  Grant  Measuring 
Engine  with  a  mean  accuracy  per  plate 
of  ±  12  km  sec-1,  determined  from  mul- 
tiple spectrograms  taken  for  58  of  the 
galaxies. 

(2)  Corrections  for  Biases.  Because  the 
selection  criteria  involved  magnitude  and 
angular-separation  cutoffs,  it  is  probable 
that  some  real  pairs  beyond  these  cutoffs 
were  excluded  from  the  sample.  To  cor- 
rect this  bias,  we  used  a  Monte  Carlo 
method  to  compute  the  probability  that 
a  pair,  given  its  magnitudes  and  angular 
separation,  would  fulfill  the  selection  cri- 
teria and  be  accepted  into  the  sample. 
This  probability  was  introduced  into  the 
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computation  of  the  volume  over  which 
each  sample  pair  could  have  passed  the 
selection  criteria.  The  volumes  then 
served  to  correct  the  distribution  of  sep- 
arations of  the  sample  pairs. 

(3)  Corrections  for  Contamination  by 
Optical  Pairs.  In  the  past,  optical  pairs 
have  always  been  treated  by  simply  re- 
moving from  the  sample  any  pairs  with 
velocity  differences  (hereafter  Av)  greater 
than  some  arbitrary  cutoff,  usually  400- 
800  km  sec"1.  The  problems  with  this 
are  twofold:  (a)  Bound  pairs  which  hap- 
pen to  have  large  Av  are  excluded  along 
with  the  optical  pairs,  biasing  the  Av  dis- 
tribution of  the  sample,  (b)  Optical  pairs 
which  happen  to  have  small  Av  remain 
in  the  sample,  again  biasing  the  Av  dis- 
tribution. 

The  following  method  was  devised  to 
probabilistically  correct  the  observed 
sample  (containing  bound  +  optical  pairs) 
for  the  presence  of  optical  pairs. 

A  computer  simulated  107,000  sky  fields 
containing  randomly  placed  galaxies  at 
varying  empirically  determined  surface 
densities  and  magnitude  distributions.  A 
computer  scan  of  each  field  located  any 
two  galaxies  (an  "optical  pair")  which 
happened  to  satisfy  the  actual  sample  se- 
lection criteria.  A  random  drawing  from 
a  luminosity  function  (Tammann  et  al., 
1979)  then  allowed  the  assignment  of  a 
velocity  to  each  galaxy  in  the  optical  pair. 

This  procedure  yielded  the  distribu- 
tions of  projected  separations  and  veloc- 
ity differences  expected  for  a  sample 
consisting  solely  of  optical  pairs.  These 
distributions  allowed  us,  through  appli- 
cation of  a  Bayesian  analysis,  to  estimate 
the  probability  that  a  pair  in  the  ob- 
served sample,  given  its  projected  sep- 
aration and  Av,  is  bound.  The  observed 
distribution  of  projected  separations  was 
then  probabilistically  corrected  for  acci- 
dental inclusion  of  optical  pairs. 

Finally,  the  above  distribution  was  fit- 
ted and  analytically  rectified  to  obtain 
the  unbiased  distribution  of  spatial  sep- 
arations of  galaxy  pairs. 

(4)  Mass-to-Light  Ratio  as  Function  of 
Galaxy  Type.  We  derived  an  estimate  for 
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the  mass-to-light  ratio  by  application  of 
a  "Monte  Carlo"  simulation.  Here,  the 
physical  system  to  be  simulated  con- 
sisted of  a  set  of  hypothetical  galaxy-pair 
orbits  with  probabilistic  distributions  of 
(a)  spatial  separations,  (b)  eccentricities, 
and  (c)  mass-to-light  ratios  WL.  The  dis- 
tribution of  spatial  separations  was  de- 
rived as  described  above,  and  we  then 
tested  various  distributions  of  eccentric- 
ity and  SMIL.  Galaxy-pair  orbits  were  nu- 
merically simulated  by  randomly  drawing 
from  these  distributions  and  projecting 
each  orbit  onto  the  plane  of  the  sky.  The 
generated  and  observed  samples  were 
compared  and  the  assumptions  varied 
until  a  suitable  match,  as  judged  from  a 
Kolmogorov-Smirnov  test,  was  found. 

Preliminary  results  from  the  above 
analysis  appear  to  substantiate  claims 
(Freeman  and  van  Albada,  private  com- 
munication; White  et  al.,  1982)  that  one 
cannot  discriminate  between  different 
assumed  distributions  of  orbital  eccen- 
tricity. 

Although  we  do  not  yet  have  a  final 
value  for  the  mass-to-light  ratio,  a  pre- 
liminary mapping  of  the  (SN/L,  orbital  ec- 
centricity )-space  shows  that  the  WL  ratio 
lies  in  the  range  30-120  solar  units  for 
spirals.  This  is  in  rough  agreement  with 
previous  studies  of  galaxy  pairs. 

In  current  cosmological  models  of  the 
Universe,  the  mass  or  mass-to-light  ratio 
of  galaxies,  including  material  associated 
with  them,  must  be  known  to  determine 
whether  the  Universe  is  (1)  closed,  finite, 
and  doomed  to  collapse  in  the  distant  fu- 
ture, or  (2)  open,  infinite,  and  destined 
to  expand  indefinitely.  The  SMIL  ratio  re- 
quired to  close  the  Universe  is  thought 
to  be  between  500  and  1500  solar  units. 
If  the  average  SMIL  ratio  of  matter  in  the 
Universe  lies  in  the  range  indicated  by 
galaxy-pair  studies,  the  Universe  cannot 
be  considered  closed  with  the  mass  as- 
sociated with  galaxies  alone. 
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Galaxy  Mergers  and  the 
Formation  of  Elliptical  Galaxies 

Francois  Schweizer 

The  formation  of  galaxies  remains 
shrouded  in  mystery.  Galaxies  are  widely 
believed  to  have  formed  shortly  after  the 
Big  Bang  from  collapsing  gas  clouds.  If 
they  did  so,  it  is  a  great  puzzle  why  two 
fundamentally  different  types  of  galaxies 
formed:  disk  galaxies,  which  are  flat- 
tened aggregates  of  stars,  and  elliptical 
galaxies,  which  have  spheroidal  shapes. 
The  dichotomy  is  also  dynamical:  In  the 
disk  galaxies,  the  ordered  rotational  mo- 
tions of  the  constituent  stars  far  exceed 
the  random  motions,  whereas  in  the  el- 
lipticals the  exact  opposite  is  true. 

A  first  theory,  advanced  in  1963,  held 
that  in  ellipticals  the  stars  condensed  out 
of  the  gas  during  its  collapse,  whereas  in 
disk  galaxies  the  stars  condensed  after 
the  collapse  was  completed.  However,  no 
plausible  mechanism  has  ever  been  found 
that  would  make  the  star-formation  rates 


so  drastically  different  in  the  two  types 
of  objects.  A  modern  version  of  this  old 
theory  holds  that  the  initial  angular  mo- 
mentum of  the  protogalactic  gas  cloud 
determined  the  later  type  of  the  galaxy; 
yet  again  the  detailed  mechanism  is  not 
specified.  The  observational  fact  re- 
mains, that  a  gap  in  the  distribution  of 
specific  angular  momenta  exists  and  sep- 
arates the  disk  galaxies  from  the  ellip- 
ticals. 

A  completely  different  explanation  of 
the  dichotomy  was  proposed  by  Toomre 
and  Toomre  (1972),  whereby  ellipticals 
might  be  the  remnants  of  merged  disk 
galaxies.  In  that  view,  elaborated  by 
Toomre  (1977),  disk  galaxies  are  the  pri- 
mary objects  formed  early  in  the  history 
of  the  Universe,  whereas  the  ellipticals 
are  secondary  objects  formed  later  by 
the  coalescence  of  disks.  The  forces  at 
work  are  well  understood  theoretically: 
dynamical  friction  between  neighboring 
disks  of  stars  leads  to  their  approach  and 
eventual  coalescence,  and  violent  relax- 
ation in  the  rapidly  changing  gravita- 
tional field  puffs  up  the  former  disks  into 
a  spheroidal  structure. 

The  first  observational  evidence  for  the 
occurrence  of  these  processes  in  nature 
stems  from  a  detailed  study  of  the  south- 
ern peculiar  galaxy  NGC  7252,  shown  in 
Fig.  78.  According  to  this  study,  NGC 
7252  is  the  remnant  of  two  former  disk 
galaxies  that  collided  and  merged,  and  it 
has  established  a  new  structure  resem- 
bling that  of  elliptical  galaxies  (Schweizer, 
1982).  In  essence,  the  two  long  "tails" 
seen  protruding  from  the  main  body  are 
remnant  tides  of  the  two  former  disks. 
Measurements  of  their  lengths  and  ve- 
locities indicate  that  the  disks  collided 
and  began  merging  about  one  billion  years 
ago.  This  process  ended  so  recently  that 
the  rotational  motions  of  the  two  former 
disks  can  still  be  traced  spectroscopically 
in  the  one  remnant  hulk.  Nevertheless, 
this  hulk  has  already  assumed  the  sphe- 
roidal shape  and  light  concentration  typ- 
ical of  elliptical  galaxies. 

Further  evidence  for  merger  activity 
in  elliptical  galaxies  stems  from  a  sys- 
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Fig.  78.  Blue  photograph  of  NGC  7252,  obtained  with  the  4-meter  telescope  on  Cerro  Tololo.  This 
galaxy  is  the  remnant  of  two  former  disk  galaxies  that  collided  and  merged  one  billion  years  ago;  it  is 
believed  to  be  now  evolving  into  an  elliptical. 


tematic  survey  of  36  field  ellipticals  (as 
opposed  to  cluster  ellipticals)  conducted 
with  the  CTIO  4-meter  telescope  during 
the  past  two  years.  This  survey  was 
prompted  by  Malin  and  Carter's  (1980) 
discovery  that  some  ellipticals  show  faint 
"ellipsoidal  shells"  within  their  outer  en- 
velopes. Similar  structures  had  been  de- 
scribed by  Schweizer  (1980),  not  only  in 
NGC  7252  but  also  in  NGC  1316  and  sim- 
ilar merger  candidates.  (Schweizer  termed 
these  structures  "ripples.")  Hence,  the 
discovery  of  shells  in  ellipticals  raised  the 
possibility  of  providing  the  missing  link 
between  mergers  and  ellipticals. 

The  above-mentioned  survey,  though 
still  in  progress,  has  already  borne  out 
this  hope.  Photographs  have  been  ob- 
tained of  nearly  all  program  galaxies  and 
have  led  to  the  discovery  of  ripples  in 
about  one-quarter  of  them.  Figure  79  is 


a  high-contrast  reproduction  of  a  pho- 
tograph of  NGC  5018,  a  galaxy  classified 
as  a  pure  elliptical  by  several  observers 
independently.  Yet  this  new,  deep  pho- 
tograph shows  clearly  that  NGC  5018 
possesses  many  ripples  (the  outermost  of 
which  are  seen  as  sharp  arcs  in  Fig.  79) 
and  even  two  protruding  filaments 
strongly  reminiscent  of  the  tidal  tails  of 
NGC  7252.  This  suggestive  association 
of  tails  and  ripples  is  seen  in  three  other 
program  ellipticals  as  well. 

What  are  the  ripples?  Spectroscopic 
observations  of  those  in  NGC  1316  showed 
that  they  do  not  contain  any  shocked  gas 
and,  hence,  must  consist  of  older  stars 
(Schweizer,  1980).  This  conclusion  was 
confirmed  for  the  ripples  of  NGC  1344  by 
measurements  of  their  colors  (Carter, 
Allen,  and  Malin,  1982).  Yet,  the  spatial 
structure  and  formation  mechanism  of  the 
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Fig.  79.  Blue  photograph  of  NGC  5018,  a  galaxy  classified  as  a  pure  elliptical.  Its  ripples  ( =  sharp- 
edged  arcs)  and  protruding  filaments  resemble  similar  structures  in  NGC  7252  (see  Fig.  78),  suggesting 
that  a  merger  of  galaxies  took  place  here. 


ripples  was  not  understood  until  very  re- 
cently. Carter  and  Malin  visualized  them 
as  giant  shells  because  of  their  sharp  outer 
edges  and  the  gradual  fading  observed 
at  the  inner  edges.  In  November  1981, 
A.  Toomre  (MIT)  finally  managed  to  re- 
produce ripples  by  modeling  the  infall  of 
a  smaller  disk  galaxy  into  a  larger  el- 
liptical. As  the  disk  of  stars  falls  into  the 
potential  well  of  the  elliptical,  it  gets 
stretched  into  a  band  that  wraps  itself 
around  the  center  several  times.  Wher- 
ever the  surface  of  the  band  runs  tangent 
to  the  line  of  sight  of  a  hypothetical  ob- 
server, ripples  appear  in  the  projected 
model.  Some  of  Toomre's  models  resem- 
ble the  rippled  ellipticals  strikingly.  The 
same  discovery  has  been  independently 
made  by  student  P.  Quinn  in  Australia. 
The  models  by  Toomre  and  Quinn  predict 
velocity  anomalies  across  the  ripples  that 


will  permit  a  decisive  observational  check 
in  the  near  future. 

If  these  models  stand  the  observa- 
tional test,  the  conclusion  is  that  roughly 
one-quarter  of  the  field  ellipticals  have 
accreted  disk  galaxies  within  the  past  few 
billion  years.  Extrapolation  to  the  more- 
distant  past  then  suggests  that  a  typical 
field  elliptical  may  contain  the  debris  of 
perhaps  4-10  disk  systems  that  have 
merged  successively.  Hence  such  an  el- 
liptical may  be  the  remnant  of  a  whole 
group  of  disk  galaxies. 

Clearly,  the  last  word  concerning  the 
formation  and  evolution  of  ellipticals  has 
not  yet  been  written.  But  two  pieces  of 
the  puzzle  seem  to  be  available  now.  First, 
evidence  in  NGC  7252  suggests  that  at 
least  this  one  wreck  of  two  collided  disks 
has  assumed  the  structure  of  an  ellipti- 
cal. And  second,  about  one-quarter  of  el- 
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lipticals  in  the  general  field  feature  ripples 
that  seem  to  be  tracers  of  disk  galaxies 
accreted  within  the  last  few  billion  years. 
Thus  the  observations  available  so  far 
seem  to  favor  the  revolutionary  concept 
that  ellipticals  are  secondary  galaxies 
being  formed  continuously  through 
mergers  of  the  primary  disk  galaxies. 
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SO  Galaxies  with  Polar  Rings 

Francois  Schweizer,  Vera  C.  Rubin,  and 
Bradley  C.  Whitmore 

In  medicine,  the  study  of  rare  patho- 
logical cases  often  leads  to  an  improved 
understanding  of  whole  classes  of  more- 
normal  specimens.  Similarly,  our  chance 
discovery  of  a  highly  peculiar  galaxy  re- 
sembling a  spindle  surrounded  by  a  de- 
tached ring  (Fig.  80)  has  not  only  revealed 
that  such  objects  form  a  new,  small  class, 
but  also  led  to  significant  new  insights 
about  the  much-larger  class  of  "spindle" 
galaxies  and  even  about  disk  galaxies  in 
general. 

Our  discovery  of  A0136-080,  as  this 
17th-magnitude  anonymous  galaxy  is 
called,  on  a  plate  obtained  of  another  gal- 
axy with  the  Cerro  Tololo  4-meter  tele- 
scope, did  not  come  as  a  complete  surprise. 
Spindle-shaped  SO  galaxies  surrounded 
by  luminous  rings  of  gas,  dust,  and  stars 


have  recently  been  found  in  increasing 
numbers  now  totaling  perhaps  eight  or 
nine.  These  galaxies  resemble  NGC  2685, 
the  well-known  SO  galaxy  with  wrapped- 
around  helical  filaments,  but  their  lumi- 
nous material  is  more  neatly  arranged 
into  a  disk-shaped  ring.  Perhaps  the  best 
example  so  far  of  a  ringed  SO  galaxy  is 
NGC  4650A,  of  which  our  A0136-080  is 
a  near  copy. 

One  of  the  main  questions  concerning 
these  galaxies  is  the  true  spatial  struc- 
ture of  their  apparent  spindles.  Are  these 
"spindles"  prolate  (i.e.,  cigar-shaped)  ag- 
gregates of  stars,  as  Laustsen  and  West 
(1980)  have  claimed  in  the  case  of  NGC 
4650A,  or  are  they  regular,  oblate  disks 
of  stars  seen  edge-on,  as  Schechter  and 
Gunn  (1978)  concluded  on  dynamical 
grounds  for  NGC  2685?  Our  observations 
of  A0136-080  clearly  favor  the  edge-on 
disk  hypothesis  and  virtually  exclude  the 
possibility  of  a  cigar-shaped  spindle. 

Various  short-exposure  plates  of  the 
galaxy  show  a  spheroidal  bulge  near  the 
center  in  addition  to  the  elongated  ap- 
parent spindle.  Thus  the  main  body  of 
A0136-080  resembles  morphologically 
some  well-known  disk  galaxies  seen  edge- 
on. 

A  brightness  profile  taken  along  the 
major  axis  of  the  "spindle"  supports  the 
latter's  disk  nature.  The  measured  data 
points  shown  in  Fig.  80B  were  obtained 
by  tracing  the  plates  with  the  DTM  mi- 
crodensitometer  and  converting  photo- 
graphic densities  to  surface  brightnesses. 
Note  the  central  peak  corresponding  to 
the  small  bulge  and  the  dip  at  +  4"  caused 
by  extinction  due  to  dust  in  the  external 
ring.  The  solid  curve  represents  a  trun- 
cated exponential  disk  (cutoff  radius  = 
15.3"  =  8.3  kpc),  of  the  kind  found  to 
represent  many  edge-on  disk  galaxies;  it 
was  here  fitted  by  least  squares  to  the 
unobscured  half  of  the  spindle,  but  it  also 
fits  well  the  other  half  beyond  the  dust 
lane.  The  good  fit  suggests  strongly  that 
the  "spindle"  is  a  normal  galactic  disk 
seen  edge-on. 

Yet  the  strongest  evidence  for  the  disk 
nature  of  the  apparent  spindle  stems  from 
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Fig.  80.  Collected  data  on  A0136-080,  and  SO  galaxy  with  a  polar  ring.  The  four  panels  show  (A)  a 
blue  photograph,  (B)  the  profile  of  blue  surface  brightness  (in  mag/arc  sec2)  along  the  major  axis  of  the 
"spindle,"  (C)  rotational  velocities  (in  km/sec)  along  the  same  major  axis,  and  (D)  rotational  velocities 
(data  points  and  crosses)  along  the  major  axis  of  the  polar  ring.  The  distance  scales  (in  arc  seconds)  of 
the  three  graphs  are  identical  to  the  scale  of  the  photograph,  so  that  the  graphs  can  be  directly  compared 
with  the  photograph.  The  line  in  panel  D  represents  schematically  the  rotational  velocities  in  the  main 
disk  of  the  galaxy  (also  shown  in  panel  C);  the  approximate  match,  at  r  =  ±  10",  of  these  velocities  with 
those  in  the  polar  ring  suggests  that  the  (invisible)  extended  halo  of  the  galaxy  is  roughly  spherical.  For 
details,  see  text. 


the  motions  of  its  constituent  stars.  These 
motions  were  measured  from  a  series  of 
blue,  47  A  mm-1  spectrograms  obtained 
with  the  RC  spectrograph  of  the  4-meter 
telescope  and  a  Carnegie  two-stage  im- 
age tube.  The  rotational  velocities  along 
the  major  spindle  axis  are  shown  in  Fig. 
80C;  they  reach  125  ±  20  km  sec-1  rel- 
ative to  the  center  at  a  radius  of  9"  (4.9 


kpc),  a  value  which  after  correction  for 
line-of-sight  integration  agrees  very  well 
with  the  systematic  rotation  properties 
of  early-type  disk  galaxies  and  the  low 
absolute  magnitude  MB  ~  -17.8  ±  0.6 
of  A0136-080.  Along  the  minor  spindle 
axis,  on  the  other  hand,  rotation  is  ab- 
sent, as  one  would  expect  for  a  disk  of 
stars.  Most  importantly,  the  random  ve- 
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locities  of  stars,  as  determined  from  the 
widened  absorption  lines,  have  a  disper- 
sion of  only  a(,  =  67  ±  19  km  sec^1  and 
are  thus  half  as  large  as  the  rotational 
velocities;  this  indicates  beyond  doubt  that 
the  spindle  is  a  "cool,"  rotationally  sup- 
ported disk  of  stars. 

The  external  ring  of  AO 136-080  is  com- 
posed of  gas,  dust,  and  young  stars.  The 
gas  reveals  itself  by  its  emission-line 
spectrum,  the  dust  by  its  absorbing  ef- 
fect on  the  spindle,  and  the  stellar  com- 
ponent by  its  knotty,  bluish  appearance 
on  photographs.  Since  the  "spindle"  is 
actually  an  edge-on  disk,  the  plane  of  the 
ring  passes  nearly  through  the  poles  of 
that  disk  (see  Fig.  80A).  Hence  the  mo- 
tions of  the  ring  material  offer  the  rare 
and  welcome  opportunity  to  probe  a  disk 
galaxy's  gravitational  field  perpendicu- 
larly to  the  plane  and  to  heights  exceed- 
ing the  cutoff  radius  of  the  disk. 

Figure  80D  shows  the  rotation  curve 
of  the  ring,  measured  from  the  Ha  and 
[N  II]  emission  lines  on  two  high-disper- 
sion spectrograms  (25  A  mm-1)  taken 
along  the  major  axis  of  the  ring.  The  ro- 
tation curve  is  flat  or  slightly  rising,  with 
a  maximum  velocity  of  —165  km  sec  _1  at 
r  =  30"  (16  kpc).  Since  this  distance  cor- 
responds to  twice  the  cutoff  radius  of  the 
main  disk,  the  high  rotational  velocity 
there  provides  strong  evidence  for  a 
massive  halo  extending  well  beyond  the 
optical  image  of  the  galaxy. 

This  halo  appears  to  be  roughly  spher- 
ical and  is  certainly  much  less  flattened 
than  the  SO  disk  itself.  This  follows  from 
a  comparison  of  the  rotational  velocities 
at  r  =  10"  in  the  polar  ring  with  those 
at  the  same  distance  in  the  main  disk 
(shown  schematically  by  the  curved  line); 
they  are  equal,  to  within  10-15%.  Cal- 
culations show  that  if  the  halo  were  as 
flat  as  the  disk,  the  velocities  above  the 
plane  should  exceed  those  in  the  plane 
by  about  40%. 

The  origin  and  evolution  of  SO  galaxies 
with  polar  rings  are  as  interesting  as  their 
structure.  The  existence  of  two  nearly 
orthogonal  orbital  planes  can  hardly  be 
due  to  a  single  formation  process;  rather, 


it  suggests  a  second  event.  But  what  was 
this  second  event,  and  what  has  been  its 
subsequent  evolution? 

First,  we  note  that  ringed  SO  galaxies 
are  rare.  From  the  eight  or  nine  exam- 
ples now  known  and  an  unsuccessful 
search  of  ten  fields  of  the  SRC  Southern 
Sky  Survey  for  further  specimens,  we 
estimate  that  only  about  three  out  of 
10,000  field  SO  galaxies  possess  such  rings. 
A  likely  explanation  for  these  rare  rings 
is  the  occasional  infall  of  a  small  gas-rich 
galaxy  in  a  nearly  polar  orbit  around  the 
pre-existing  larger  disk  galaxy.  For  aviy 
infall  angle,  the  well-known  process  of 
dynamical  friction  will  inevitably  lead  to 
a  slow  spiraling  in  and  disintegration  of 
the  smaller  body  due  to  frictional  forces 
experienced  in  the  halo.  But  for  most  in- 
fall angles,  precession  and  subsequent 
collisions  of  the  strewn-out  gas  clouds  will 
force  them  to  settle  into  the  plane  of  the 
main  disk  within  a  time  much  shorter 
than  the  age  of  the  Universe.  Only  ma- 
terial in  orbits  nearly  perpendicular  to 
the  main  disk  will  precess  so  slowly  as 
to  survive  for  a  time  span  comparable  to 
or  longer  than  the  age  of  the  Universe. 
Calculations  by  G.  F.  Simonson  of  Yale 
University  show  that  such  long-lasting 
orbits  will  exist  within  typically  about  10° 
from  the  poles.  It  seems  more  than  just 
a  coincidence,  then,  that  all  ringed  SO 
galaxies  found  to  date  possess  rings  within 
roughly  that  angle  from  the  poles. 

We  favor  the  above  explanation  be- 
cause of  the  mounting  evidence  that 
merging  is  an  inescapable  process  of  gal- 
axy evolution.  Nevertheless,  more-ex- 
otic explanations  cannot  be  excluded:  If, 
for  example,  halos  were  slightly  triaxial, 
then  gravitational  forces  would  exist  that 
could  align  material  falling  within  larger 
cone-angles  from  the  poles.  In  that  case, 
polar  rings  would  be  stable  rather  than 
unstable  remnants  of  some  second  event. 

Whatever  the  formation  history  of  rings 
will  eventually  turn  out  to  be,  the  de- 
tailed study  of  the  ring  of  A0136-080  has 
already  been  rewarding.  It  has  allowed 
us  to  demonstrate  that  the  massive  halo 
of  that  galaxy  extends  to  at  least  twice 
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the  cutoff  radius  of  the  stellar  disk  and 
is  roughly  spherical  rather  than  disk- 
shaped.  By  inference,  this  geometry 
seems  likely  to  apply  also  to  the  many 
disk  galaxies  that  do  not  possess  exter- 
nal, polar  rings. 
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Sensitive  Search  for  Neutral 

Hydrogen  in  Elliptical  and  SO 

Galaxies 

N.  Thonnard  and  C.  K.  Kumar* 

The  suggestion  by  van  de  Hulst  in  1944 
that  21-cm-line  radiation  should  be  de- 
tectable from  interstellar  neutral  atomic 
hydrogen  precipitated  the  development 
of  instrumentation  for  its  detection  at 
many  of  the  early  radio  astronomy  lab- 
oratories around  the  globe.  Within  only 
two  years  of  Ewen  and  Purcell's  1951 
discovery  of  21-cm-line  radiation  from  the 
Galaxy,  major  astronomical  discoveries 
were  already  being  reported.  Observers 
both  in  Australia  and  the  Netherlands 
had  already  mapped  the  spatial  and  ve- 
locity distribution  of  neutral  hydrogen  in 
the  Galaxy,  seen  evidence  for  spiral  arms, 
and  noticed  large  errors  in  the  then- 
accepted  position  of  the  Galactic  plane. 
The  first  detection  of  extragalactic  neu- 
tral hydrogen  was  also  reported  in  1953, 
with  the  detection  of  gas  from  the  Large 
and  Small  Magellanic  Clouds  by  Kerr  and 
Hindman. 

Within  ten  years  of  the  discovery  of 
the  21-cm  neutral  hydrogen  line,  more 
than  a  dozen  galaxies  had  been  detected. 
But  no  hydrogen  gas  had  been  found  in 
elliptical  galaxies.  A  clear  trend  in  frac- 
tional neutral  hydrogen  content  was  ob- 
served, with  late-type  spiral  galaxies  (Sc, 
Sd,  and  Im)  having  the  highest  neutral 
hydrogen  to  total  mass  ratio. 

*  Department  of  Physics  and  Astronomy,  How- 
ard University,  Washington,  D.C. 


The  first  detection  of  neutral  hydrogen 
in  an  elliptical  galaxy,  a  discovery  sub- 
sequently confirmed  by  other  investiga- 
tors, was  reported  in  1975  for  NGC  4278 
by  Huchtmeier,  Tammann,  and  Wend- 
ker.  By  1980,  searches  for  gas  had  be- 
come sensitive  enough  to  detect  the 
accumulation  of  gas  shed  by  evolving  low- 
mass  stars  over  periods  of  less  than  108 
years.  Nevertheless,  neutral  hydrogen 
had  been  detected  in  only  ten  of  approx- 
imately fifty  ellipticals  observed,  and  in 
some  cases,  detection  was  very  mar- 
ginal. The  low  upper  limits  to  the  neutral 
hydrogen  gas  contents  of  elliptical  gal- 
axies and  the  very  few  positive  detec- 
tions were  becoming  a  puzzle. 

There  are  several  indications  that  gas 
should  be  present  in  at  least  some  el- 
lipticals. (1)  As  mentioned  above,  the  ev- 
olution of  low-mass  stars  releases  enough 
hydrogen  that  detectable  amounts  should 
accumulate  in  relatively  short  time  pe- 
riods. (2)  Ionized  gas  has  been  found  in 
the  central  region  of  approximately  a  fifth 
of  all  ellipticals.  (3)  The  color  of  some 
ellipticals  is  abnormally  blue,  indicating 
recent  bursts  of  star  formation.  (4)  Type 
I  supernovae  have  been  discovered  in  el- 
lipticals at  a  rate  only  a  few  times  lower 
than  in  spiral  galaxies,  indicating,  if  re- 
cent models  of  type  I  supernovae  are  cor- 
rect (Oemler  and  Tinsley,  1979;  Caldwell 
and  Oemler,  1981),  that  short-lived  stars 
are  present. 

We  had  noticed  from  published  data 
that  the  probability  of  a  positive  detec- 
tion of  neutral  hydrogen  was  larger  for 
elliptical  galaxies  that  had  type  I  super- 
novae detections  than  for  ones  that  had 
no  reported  supernovae.  This  result  was 
based  on  a  small  number  of  detections. 
The  question  then  arose:  Do  elliptical  and 
SO  galaxies  that  have  produced  type  I 
supernovae  contain  more  neutral  hydro- 
gen than  galaxies  that  did  not  produce 
supernovae?  An  observing  program  was 
devised  to  test  the  above  thesis,  to  im- 
prove our  chances  of  detecting  gas,  and 
to  set  more  stringent  limits  to  the  amount 
of  gas  in  elliptical  and  SO  galaxies. 

The  observations  were  made  with  the 
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Fig.  81.  Reproduction  from  the  Palomar  Observatory  Sky  Survey  showing  the  elliptical  and  SO 
galaxies  that  were  searched  for  neutral  hydrogen  emission.  North  is  at  the  top,  east  is  to  the  left.  The 
black  circles,  3.4  minutes  of  arc  in  diameter,  indicate  the  positions  observed  with  the  Arecibo  Observatory 
305-m  radiotelescope.  The  dashed  lines  on  N  4636  indicate  the  beam  positions  of  the  Nangay  observations 
(Bottinelli  and  Gouguenheim,  1978). 


305-m  radiotelescope  at  Arecibo  Obser- 
vatory.* As  recent  observations  by  oth- 
ers had  indicated  that  the  gas  in  elliptical 
and  SO  galaxies  seems  to  be  preferen- 
tially located  at  the  outer  parts  of  the 
galaxy,  we  decided  to  map  the  galaxies 
such  that  the  telescope  beam  extended 
well  beyond  the  optical  image.  The  ob- 


*The  Arecibo  Observatory  is  a  part  of  the  Na- 
tional Astronomy  and  Ionosphere  Center,  operated 
by  Cornell  University  under  contract  with  the  Na- 
tional Science  Foundation. 


served  beam  positions  on  the  galaxies  in 
our  sample  are  shown  in  Fig.  81.  The 
sample  consisted  of  seven  elliptical  and 
SO  galaxies  in  the  Virgo  and  Pegasus  I 
clusters  in  which  type  I  supernovae  had 
been  detected,  and  six  additional  galax- 
ies in  the  same  region,  as  controls  which 
had  no  type  I  supernovae  detections.  The 
controls  were  carefully  matched  in  an- 
gular diameter,  Hubble  type,  redshift, 
and  distance  from  cluster  center  to  the 
supernovae-producing  galaxies. 
After  smoothing  to  a  velocity  resolu- 


DEPARTMENT  OF  TERRESTRIAL  MAGNETISM 


571 


tion  of  42  km  sec"1,  the  typical  RMS  noise 
was  only  0.67  mJy  at  each  position  ob- 
served on  a  given  galaxy.  No  signal  was 
seen  in  the  individual  profiles,  indicating 
that  gas  did  not  exist  in  the  outer  regions 
in  the  form  of  large  cloud  complexes.  To 
improve  our  sensitivity  to  tenuously  dis- 
tributed gas  over  and  beyond  the  visible 
image  of  the  galaxies,  the  mapped  points 
on  each  galaxy  were  combined  and  are 
shown  in  Fig.  82.  The  optical  velocity  is 
indicated  with  an  arrow. 

Some  neutral  hydrogen  signals  are  seen 
but  are  not  attributable  to  the  observed 
E  and  SO  galaxies.  The  positive  and  neg- 


ative spikes  at  0  km  sec  ~ l  are  due  to  the 
difference  in  neutral  hydrogen  in  our 
Galaxy  between  the  on-source  spectrum 
and  the  reference  spectrum.  The  200-km- 
sec~  ^wide,  2-mJy  signal  at  920  km  sec  " 1 
in  the  spectrum  of  NGC  4382  is  due  to 
the  10%  sidelobe  response  of  the  Arecibo 
beam  on  the  adjacent  Sb  galaxy  NGC 
4394  (Fig.  81).  The  narrow  signal  at  475 
km  sec " x  in  the  spectrum  of  NGC  4472 
is  due  to  the  dwarf  irregular  galaxy  UGC 
7637  5.6  arc  minutes  to  the  SE.  The  sig- 
nal at  215  km  sec"1  in  the  NGC  4526 
spectrum  is  somewhat  of  a  puzzle.  It  ap- 
pears at  the  same  velocity  and  intensity 
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Fig.  82.  Resultant  21-cm  neutral  hydrogen  profiles  after  summing  over  all  observed  positions  in  each 
galaxy.  Optical  velocities  are  indicated  by  arrows.  No  neutral  hydrogen  attributable  to  the  galaxies 
observed  is  visible. 
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in  all  the  mapped  points;  its  low  velocity 
and  large  spatial  distribution  could  iden- 
tify it  as  a  high- velocity  cloud  in  our  Gal- 
axy. Neutral  hydrogen  at  a  level  of  25 
mJy  was  reported  in  NGC  4636  by  Knapp, 
Faber,  and  Gallagher  (1978).  Bottinelli 
and  Gouguenheim  (1977,  1978)  confirmed 
this  detection  and  subsequently  mapped 
its  distribution;  the  positions  of  the  Nan- 
gay  beam  are  indicated  by  the  dashed 
lines  in  Fig.  81.  As  can  be  seen  from  Fig. 
82,  neutral  hydrogen  emission  was  not 
detected  at  a  level  well  below  1  mJy.  As 
the  SO  galaxy  NGC  4762  is  nearly  edge- 
on  (Fig.  81),  we  show  in  Fig.  82  the  pro- 
files summed  over  the  SW  side  of  the 
galaxy  separately  from  the  NW  side, 
thereby  increasing  the  chance  of  detect- 
ing gas  in  circular  orbits  in  the  plane  of 
the  galaxy.  Again,  no  signal  is  seen;  the 
spike  at  800  km  sec  " J  is  due  to  interfer- 
ence. The  last  four  galaxies,  NGC  7619, 
7626,  7634,  and  7785,  were  observed  dur- 
ing the  daytime;  therefore  interference 
from  the  Sun  causes  severe  frequency 
ripple  in  the  baseline,  which  for  the  Are- 
cibo  telescope  has  a  period  of  approxi- 
mately 230  km  sec-1.  Close  examination 
of  the  signal  in  NGC  7634  that  looks  sim- 
ilar to  a  galaxy  profile  reveals  that  it  is 
merely  a  milder  form  of  the  severe  base- 
line ripple  seen  in  the  NGC  7785  profile. 
Therefore,  the  detection  limits  on  these 
last  four  galaxies  are  not  as  sensitive  as 
on  the  rest  of  the  sample. 

To  place  these  observations  in  proper 
perspective,  we  show  in  Fig.  83  the  neu- 
tral-hydrogen profile  of  an  early-type 
spiral  galaxy  that  is  at  the  same  distance 
from  us  as  the  Virgo  Cluster  sample.  The 
properties  of  NGC  2775  are  typical  for 
Sa  galaxies.  The  neutral-hydrogen  mass 
is  7  x  108  SM0,  the  neutral  hydrogen-to- 
total  mass  ratio  is  0.003,  and  the  dis- 
tance-independent hydrogen  mass-to-lu- 
minosity ratio  is  0.02,  quantities  that  are 
more  than  an  order  of  magnitude  less 
than  those  for  Sc  galaxies. 

Assuming  a  typical  velocity  width  of 
400  km  sec  ~ *  for  the  E  and  SO  galaxies 
observed,  the  neutral  hydrogen  content 
of  the  galaxies  in  the  Virgo  Cluster  area 
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Fig.  83.  Neutral  hydrogen  profile  for  the  Sa 
galaxy  NGC  2775,  a  typical  early- type  spiral  gal- 
axy. Notice  that  the  ordinate  is  a  factor  of  twenty 
less  sensitive  than  in  Fig.  82. 


is  less  than  4  x  107  3ft©,  while  the  hy- 
drogen mass-to-luminosity  ratio  is  less 
than  0.0015.  These  limits  to  the  gas  con- 
tent of  these  E  and  SO  galaxies  are  a 
factor  of  fifteen  lower  still  than  the  typ- 
ical Sa  galaxy  mentioned  above.  We  note 
that  the  neutral-hydrogen  properties  of 
the  few  elliptical  galaxies  with  secure  de- 
tections are  only  a  factor  of  two  less  than 
those  of  our  "typical"  Sa  spiral  galaxy, 
NGC  2775. 

We  have  set  new,  very  low  limits  to 
the  gas  content  of  elliptical  and  SO  gal- 
axies in  the  Virgo  Cluster  region.  At  these 
very  low  signal  levels,  spurious  effects 
can  become  very  important,  possibly  ex- 
plaining why  with  much  better  data  we 
do  not  detect  one  of  the  galaxies  (NGC 
4636)  seen  by  previous  observers.  Our 
failure  to  detect  gas  in  either  the  controls 
or  the  type  I  supernovae-producing  gal- 
axies raises  several  questions.  Is  there  a 
mechanism  that  removes  sufficient  gas 
from  E  and  SO  galaxies  (at  least  in  the 
Virgo  Cluster  region)  so  that  less  than  a 
few  x  107  2ft©  of  gas  remain,  an  amount 
still  adequate  to  form  the  progenitor  stars 
of  type  I  supernovae?  Alternately,  the 
progenitor  stars  to  type  I  supernovae  may 
not  be  short-lived,  high-mass  stars.  What 
happens  to  the  gas  generated  by  low- 
mass  stars?  Why  is  the  gas  content  of  the 
few  ellipticals  that  have  been  detected 
similar  to  Sa  galaxies  while  others  have 
less  than  one-tenth  as  much  gas?  Similar 
observations  should  be  undertaken  for  E 
and  SO  galaxies  in  other  regions  of  the 
sky  to  determine  what  the  distribution 
in  neutral-hydrogen  properties  of  these 
galaxies  is. 
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Stellar  Kinematics  in  Spiral 
Galaxies 

Bradley  C.  Whitmore,  Vera  C.  Rubin, 
and  W.  K.  Ford,  Jr. 

Stars  in  a  galaxy  must  be  in  motion  or 
the  mutual  gravitational  attraction  be- 
tween these  stars  would  cause  the  galaxy 
to  collapse.  The  disk  of  a  spiral  galaxy  is 
supported  against  this  collapse  by  a  well- 
ordered  rotation  of  its  stars  around  the 
center  of  the  galaxy.  For  the  past  several 
years,  the  measurement  of  this  rotation 
has  been  the  main  goal  of  the  astrono- 
mers at  DTM.  By  measuring  the  wave- 
length of  emission  lines  produced  by  gas 
in  the  disk,  the  rotational  velocities  can 
be  determined.  This  is  because  of  the 
Doppler  effect,  which  causes  spectral  lines 
to  be  shifted  to  longer  wavelengths  as 
the  velocity  of  the  emitting  gas  becomes 
greater. 

A  spheroidal  system  of  stars,  such  as 
an  elliptical  galaxy  or  the  bulge  of  a  spiral 
galaxy,  is  not  supported  by  rotation,  but 


by  the  random  motions  of  its  stars — the 
velocity  dispersion.  To  measure  this  dis- 
persion we  must  measure  the  width  of 
the  absorption  lines  produced  by  the  stars, 
rather  than  the  position  of  the  emission 
lines  produced  by  the  gas.  An  absorption 
line  in  a  galaxy  spectrum  is  formed  by 
the  superposition  of  the  spectra  of  sev- 
eral million  stars,  each  moving  at  a  slightly 
different  velocity  owing  to  the  dispersion 
in  velocities.  The  lines  of  each  star  are 
therefore  shifted  to  a  slightly  different 
central  wavelength  by  the  Doppler  ef- 
fect. Because  of  these  individual  shifts, 
the  composite  galaxy  absorption  lines  are 
broadened. 

In  Fig.  84  we  see  a  typical  galaxy  spec- 
trum having  both  emission  and  absorp- 
tion lines.  The  positions  of  the  emission 
lines  can  be  easily  measured,  since  the 
lines  are  separate  and  stand  out  well  above 
the  continuum.  The  width  of  the  absorp- 
tion lines  are  much  more  difficult  to  mea- 
sure, since  the  absorption  amounts  to  only 
10-20  percent  of  the  continuum,  and  the 
presence  of  several  hundred  different  lines 
means  that  the  lines  are  all  blended  to- 
gether. Because  of  the  difficulties  of  mea- 
suring absorption  lines,  most  dynamical 
studies  in  the  past  have  concerned  the 
gaseous  motions  rather  than  the  stellar 
motions. 

The  advent  of  digital  detectors  and  the 
development  of  Fourier  techniques  for 
measuring  stellar  velocity  dispersions  has 
recently  made  it  possible  to  study  stellar 
kinematics.  Spectra  are  obtained  of  both 
galaxies  and  template  stars  using  the  same 
spectrograph.  The  template  stars  are 
stars  whose  spectra  resemble  the  spectra 
of  the  galaxies.  The  velocity  dispersion 
is  measured  by  determining  how  much 
the  lines  in  the  template  stars  must  be 
broadened  to  make  their  spectrum  match 
the  galaxy  spectrum.  While  earlier  meth- 
ods had  used  visual  comparisons,  the 
Fourier  techniques  have  made  the  pro- 
cedure more  reliable.  The  technique  we 
have  employed  is  the  Fourier  quotient 
method  developed  by  Paul  Schechter 
(Sargent  et  al.,  1977).  This  technique  si- 
multaneously determines  the  velocity 
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Fig.  84.     Spectra  for  NGC  2998,  showing  both  emission  lines  and  absorption  lines.  The  wavelength 
scale  is  for  the  rest  wavelengths. 


dispersion,  the  systemic  velocity,  and  the 
line  strength. 

In  Fig.  85  we  show  the  spectrum  of  a 
template  star  with  very  narrow  lines,  a 
galaxy  with  a  low  velocity  dispersion 
which  has  only  slightly  broader  lines,  and 
a  galaxy  with  a  much  higher  velocity  dis- 
persion with  very  broad  lines.  As  the  ve- 
locity dispersion  becomes  larger,  the  lines 
become  less  distinct,  making  it  more  dif- 
ficult to  measure  the  dispersion. 

We  have  begun  a  project  to  use  these 
techniques  on  several  of  the  galaxies  for 
which  we  have  obtained  emission-line  ro- 
tation curves.  This  will  allow  us  to  com- 
pare the  stellar  and  gaseous  kinematics 
in  the  disk,  and  will  also  provide  the  first 
measurements  of  the  velocity  disper- 
sions and  stellar  rotations  in  the  sphe- 
roidal bulges  of  these  galaxies.  When 
combined  with  the  luminosity  profiles,  the 
data  will  comprise  the  first  set  of  galaxies 
with  a  consistent  basis  of  kinematic  and 
photometric  data  on  both  disk  and  bulge. 
Three-component  models  consisting  of 
disk,  bulge,  and  invisible  spheroidal  halo 
will  be  fit  to  the  data  (Whitmore  and  Kir- 
shner,  1981). 

The  observations  were  made  using  the 
4-m  telescope  at  Kitt  Peak  National  Ob- 
servatory. After  performing  the  prelim- 
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Fig.  85.  Spectra  of  a  template  star  (HD  172401), 
a  galaxy  with  a  low  velocity  dispersion  (A0136-080, 
see  Schweizer,  et  aL,  pp.  566-569,  this  Report), 
and  a  galaxy  with  a  high  velocity  dispersion  (NGC 
7619).  The  spectra  have  been  shifted  in  wavelength 
and  scaled  so  that  the  spectra  are  easier  to  com- 
pare. 


DEPARTMENT  OF  TERRESTRIAL  MAGNETISM 


575 


H 


576 


CARNEGIE    INSTITUTION 


inary  reductions  at  Kitt  Peak,  final 
reductions  were  carried  out  at  DTM  us- 
ing the  new  programs  written  for  the  TV 
reduction  system.  (See  Ford  and  Whit- 
more,  this  Report.)  Figure  86  shows  one 
of  our  six  program  galaxies,  NGC  3898. 
Figure  87  shows  the  stellar  rotation  curve 
along  the  major  axis  of  NGC  3898.  The 
rotation  curve  for  the  gas  is  superposed 
on  the  data.  The  stellar  light  from  the 
central  region  of  the  galaxy  is  dominated 
by  the  large  spheroidal  bulge,  while  the 
gas  is  from  the  disk.  The  difference  be- 
tween the  stellar  and  gaseous  rotation 
curves  near  the  center  indicates  that  the 
bulge  is  rotating  considerably  slower  than 
the  disk.  This  is  easily  understood  since 
the  bulge  has  a  larger  velocity  dispersion 
which  helps  support  it  against  collapse, 
allowing  the  rotational  support  to  be  less. 
The  spheroidal  bulge  of  a  spiral  galaxy 
closely  resembles  an  elliptical  galaxy.  II- 
lingworth  (1977)  has  shown  that  ellipti- 
cals rotate  very  slowly,  suggesting  that 
spiral  bulges  may  also  be  slow  rotators. 
Kormendy  and  Illingworth  (1982)  find  that 
for  several  edge-on  spirals,  the  rotation 
of  the  bulge  component  is  intermediate 
between  that  of  the  slow-rotating  ellip- 
ticals and  the  fast-rotating  spiral  disks. 
This  may  offer  a  clue  to  the  different  ev- 
olutionary histories  of  the  three  systems. 
Our  sample  will  add  to  the  small  number 
of  spiral  bulges  for  which  rotation  has 
been  measured,  and  will  provide  mea- 


surements into  the  center  of  the  galaxy, 
which  was  not  possible  for  the  edge-on 
galaxies  observed  by  Kormendy  and  Il- 
lingworth. 

A  possible  complication  is  due  to  the 
spheroidal  nature  of  the  bulge.  In  a  disk, 
the  measurement  of  the  velocity  along  a 
line  of  sight  can  be  related  directly  to  a 
point  on  the  disk,  since  the  intersection 
of  a  line  and  a  plane  is  a  point  (as  long 
as  the  plane  is  not  edge-on.)  For  a  spher- 
oid, the  observed  velocity  is  the  average 
of  the  velocities  along  the  line  of  sight, 
since  the  intersection  of  a  line  and  a  sphere 
is  a  line.  This  line  of  sight  contains  stars 
from  a  wide  range  of  distances  from  the 
center  of  the  galaxy,  including  stars  that 
are  not  moving  directly  toward  us,  but 
in  a  more  tangential  direction.  Because 
of  this,  the  observed  rotational  velocities 
are  from  10  to  50  percent  lower  than  are 
the  true  velocities.  Our  three-component 
models  will  correct  this  effect. 

Figure  88  shows  the  velocity  disper- 
sions in  NGC  3898.  In  the  inner  region 
dominated  by  the  bulge,  the  dispersion 
curve  has  a  maximum  at  the  center  and 
then  falls  off  about  25  percent  by  1.4  kpc. 
The  observations  will  be  tested  against 
several  models  proposed  for  spheroidal 
systems.  Each  model  predicts  a  different 
gradient  in  the  dispersion. 

The  ability  to  study  stellar  kinematics 
has  provided  an  important  new  tool  for 
determining  the  structure  of  galaxies.  By 
combining  our  new  observations  of  the 
stellar  motions  with  our  previous  obser- 
vations of  gaseous  motions,  we  hope  to 
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Fig.  87.     Stellar  rotation  curve  and  gaseous  ro- 
tation curve  (solid  line)  for  NGC  3898. 
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Fig.  88.     Dispersion  curve  for  NGC  3898. 
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place  severe  constraints  on  the  wide  va- 
riety of  present  models  for  spiral  gal- 
axies. 
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Infrared  Mapping  of  the  Spiral 
Galaxy  NGC  1566 

John  A.  Hackwell*  and  Frangois  Schweizer 

Our  understanding  of  the  origin  and 
evolution  of  spiral  structure  in  disk  gal- 
axies has  made  slow  but  steady  progress 
during  the  past  decade.  After  the  initial 
euphoria  of  the  early  1960's  that  the  ex- 
istence of  steady-state  spiral  density 
waves  might  explain  most  observed 
structures,  and  the  following  disappoint- 
ment that  such  waves,  once  set  up,  dis- 
sipate in  less  than  109  years,  two  wave- 
generating  mechanisms  have  been  iden- 
tified and  widely  accepted:  (1)  The  ex- 
citation of  spiral  density  waves  by  tides 
generated  in  a  disk  galaxy  during  a  close 
encounter  with  a  neighboring  galaxy,  and 
(2)  the  continuous  generation  of  density 
waves  by  a  bar  within  the  disk  of  a  gal- 
axy. 

However,  there  are  a  few  bothersome 
cases  of  spiral  galaxies  that  seem  to  lack 
near  neighbors  and  bars,  yet  have  some- 
how managed  to  develop  a  pronounced, 
global  spiral  structure.  The  obvious 
question  is:  what  mechanism  excites  their 
spiral  structure? 

One  of  these  relatively  isolated,  "grand- 
design"  spirals  is  the  southern  galaxy 

*Department  of  Physics  and  Astronomy,  Uni- 
versity of  Wyoming,  Laramie. 


NGC  1566.  It  has  one  of  the  most  prom- 
inent spiral  patterns  of  any  galaxy  in  the 
sky,  but  lacks  a  nearby  companion  and 
barely  shows  a  very  weak  bar  on  blue 
photographs.  We  chose  it  for  our  first 
attempt  at  infrared  mapping  of  spiral 
structure  because  the  inner  spiral  arms 
seemed  bright  enough  to  be  detectable 
in  the  infrared.  To  our  surprise,  we  de- 
tected not  only  these  arms  but  also  a 
prominent  central  bar  that  dominates  the 
structure  of  the  galaxy  in  the  infrared. 

A  central  area  measuring  112"  x  112" 
in  right  ascension  and  declination  (see 
white  frame  in  Fig.  89)  was  raster-scanned 
with  the  1.5-meter  telescope  of  Cerro  To- 
lolo  Inter-American  Observatory  (Chile) 
and  an  InSb  detector  at  the  Cassegrain 
focus.  The  secondary  mirror  of  the  tel- 
escope was  stepped  under  computer  con- 
trol in  declination  to  produce  a  north- 
south  scan  line,  while  also  chopping  north- 
south  (at  7  Hz)  to  subtract  the  sky  signal. 
Between  successive  scan  lines  the  tele- 
scope was  moved  by  one  pixel  in  right 
ascension  to  build  the  two-dimensional 
image.  The  beam  diameter  was  chosen 
to  be  14",  the  pixel  spacing  3.5",  the  frame 
size  32  x  32  pixels,  and  the  dwell  time 
at  each  pixel  570  msec;  one  frame  of  1024 
pixels  took  about  12.5  minutes  to  com- 
plete. Eight  separate  frames  were  taken 
and  coadded  in  the  Johnson  passband  H, 
which  corresponds  to  a  wavelength  of  1.6 
|xm.  The  top  row  of  Fig.  89  shows  a  log- 
arithmic display  of  the  resulting  H  map 
printed  at  three  different  contrasts.  For 
comparison,  the  bottom  row  shows  (from 
left  to  right)  ultraviolet,  blue,  and  near- 
infrared  photographs  obtained  with  the 
CTIO  4-meter  telescope. 

The  infrared  H  map  of  NGC  1566  shows 
three  distinct  structures:  an  unresolved 
nucleus,  a  red  bar  which  though  invisible 
on  the  ultraviolet  photograph  dominates 
the  appearance  of  the  central  region  at 
1.6  |xm,  and  the  inner  spiral  arms  known 
from  optical  photographs.  The  present 
map  is  the  first  to  show  nonaxisymmetric 
structure  in  a  galactic  disk  at  a  wave- 
length as  long  as  1.6  |xm. 

The  two  most  striking  properties  of 
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Fig.  89.  Photographs  of  NGC  1566  in  four  passbands.  (Top  row)  Three  displays  at  different  contrasts 
of  the  same  infrared  H  (1.6  \xm)  map;  the  map  was  produced  by  area  scanning  with  the  CTIO  1.5-meter 
telescope,  and  intensities  are  displayed  logarithmically.  (Bottom  row)  Ultraviolet  (U,  0.36  \xm),  blue  (B, 
0.47  ^.m),  and  near-infrared  (/,  0.8  |im)  photographs  obtained  with  the  CTIO  4-meter  telescope.  All 
photographs  are  on  the  same  scale,  with  north  up  and  east  to  the  left.  The  white  frame  in  B  indicates 
the  112"  x  112"  area  scanned  in  the  infrared.  Note  how  the  bar,  which  is  invisible  in  the  ultraviolet, 
becomes  the  dominant  feature  in  the  infrared. 


the  bar  are  its  great  strength  in  the  in- 
frared and  its  extremely  red  color.  The 
strength  can  be  determined  from  the  H 
map  by  constructing  azimuthal  profiles 
of  surface  brightness  at  constant  radii  in 
the  plane  of  the  galaxy  (for  details,  see 
Hackwell  and  Schweizer,  1983).  These 
profiles  show  that  the  bar  corresponds  to 
H-brightness  variations  of  up  to  ±  25% 
from  the  mean  level.  Yet  in  the  blue  the 
same  bar  is  so  inconspicuous  that  some 
classifiers  have  completely  missed  it. 

Photoelectric  UBVRi  color  indices  in 
fifteen  selected  areas  of  NGC  1566  were 
also  measured  with  the  same  1.5-meter 
telescope.  When  combined  with  the  new 
infrared  data,  these  indices  show  that  the 
bar  is  the  reddest  region  of  the  galaxy, 
with  a  spectral  energy  distribution  sim- 


ilar to  that  of  a  giant  elliptical  galaxy. 
Since  the  light  of  ellipticals  is  known  to 
be  dominated  by  old  giant  stars,  it  seems 
likely  that  the  same  is  true  for  the  light 
of  the  bar.  But  the  old  giants  are  well 
known  to  be  tracers  of  the  mass.  Hence 
the  azimuthal  brightness  variations  due 
to  the  bar  of  NGC  1566  probably  corre- 
spond to  large,  about  ±25%,  variations 
of  the  surface-mass  density  in  the  disk 
of  the  galaxy. 

In  summary,  at  least  this  one  rela- 
tively isolated  spiral  galaxy  without  strong 
optical  bar  has  turned  out  to  possess  a 
prominent  infrared  bar,  which  probably 
corresponds  to  a  massive  bar  in  the  un- 
derlying stellar  disk.  Hence  the  beautiful 
spiral  structure  is  probably  caused  by  one 
of  the  two  known  excitation  mechanisms. 
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One  can  only  guess  that  similar  hidden 
infrared  bars  may  be  found  in  other  grand- 
design  spirals  without  apparent  compan- 
ions or  optical  bars.  If  this  is  the  case, 
one  of  the  remaining  mysteries  of  spiral 
structure  will  have  been  solved  quite 
naturally. 
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INSTRUMENTATION  AND  DATA  PROCESSING 


Instrumentation  Development: 
the  VAX  11/780  Computer 

Alan  P.  Boss  and  Alan  T.  Linde 

The  most  powerful  computer  now 
available  for  use  at  the  Department  of 
Terrestrial  Magnetism  is  a  newly  in- 
stalled Digital  Equipment  Corporation 
VAX  11/780  computer,  physically  lo- 
cated roughly  a  mile  away  at  the  Geo- 
physical Laboratory  of  the  Carnegie 
Institution.  Transparent  access  to  the 
VAX  is  achieved  by  way  of  a  leased  high- 
speed (56  kilobits  per  sec)  telephone  line 
between  the  VAX  and  the  DTM  PDP  11/ 
34  minicomputer.  The  VAX  forms  the 
host  node  of  a  DECNET  system,  with 
the  PDP  11/34  serving  as  the  only  remote 
node.  The  PDP  11/34  in  turn  supports 
about  ten  remote  terminals  for  interac- 
tive use  of  the  VAX. 

The  VAX  has  three  megabytes  of  real 
memory,  and  in  virtual  mode  is  limited 
only  by  the  amount  of  disk  space  avail- 
able (one  disk  at  the  VAX  is  dedicated 
for  DTM  use,  with  a  total  of  67  mega- 
bytes of  storage  available).  This  amount 
of  real  memory  is  about  an  order  of  mag- 
nitude more  fast  core  than  is  available 
on  the  CDC  7600  computer,  the  current 
standard  for  large-scale,  number- 
crunching  computers.  Furthermore,  the 
VAX  is  equipped  with  a  Floating  Point 


Systems,  Inc.,  Array  Processor,  with  32 
kilowords  of  memory.  The  pipeline  ar- 
chitecture of  the  array  processor  allows 
it  to  achieve  speeds  of  up  to  8  million 
floating-point  operations  per  sec 
(MFLOP),  which  compares  favorably  with 
the  5-MFLOP  peak  speed  of  the  CDC 
7600  computer.  Even  without  the  array 
processor,  the  floating-point  accelerator 
on  the  VAX  achieves  speeds  of  about  0.5 
MFLOP.  The  new  software  includes  the 
FORTRAN  77  compiler  with  optimiza- 
tion, editors,  and  word  processing  tasks, 
and  a  complete  set  of  graphics  routines 
for  contour  plotting,  velocity  vector  plots, 
etc. 

The  acquisition  of  the  VAX  11/780 
computer  will  allow  many  computational 
projects  to  be  undertaken  that  would  not 
have  been  possible  with  the  DTM  PDP 
11/34  computer  alone.  For  example,  the 
VAX  has  already  been  used  to  model 
convection  in  the  Earth's  mantle  (see  Boss 
and  Sacks,  this  Report)  with  a  much  finer 
resolution  numerical  grid  than  would  have 
been  possible  with  the  PDP  11/34.  Fur- 
thermore, test  programs  on  the  VAX 
show  that  even  without  the  use  of  the 
array  processor,  the  VAX  will  finish  a 
given  computation  ten  times  faster  than 
the  PDP  11/34,  an  important  considera- 
tion when  the  computation  requires  hours 
of  cpu  time.  The  VAX  11/780  is  thus  of 
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critical  importance  for  the  many  large- 
scale  computational  projects  either  cur- 
rently in  progress  or  proposed  at  DTM, 
such  as  work  on  seismic  inversion,  man- 
tle convection,  stellar  and  planetary  sys- 
tem formation,  planetesimal  orbital 
dynamics,  and  processing  of  two-dimen- 
sional astronomical  images. 


Astronomical  Data  Processing 

W.  Kent  Ford,  Jr.,  and  Bradley  C.  Whitmore 

The  processing  of  digital  data  is  an  im- 
portant part  of  our  current  astronomical 
work.  Our  observational  data  are  ob- 
tained at  the  telescope  with  sensitive 
electronic  detectors  that  produce  digital 
signals,  or  with  photographic  plates  that 
can  be  digitized  later  with  a  scanning  mi- 
crophotometer.  Regardless  of  the  type 
of  instrument  used  to  record  the  data, 
there  are  many  similar  operations  that 
must  be  performed  to  examine  digital  im- 
ages and  to  extract  measured  values  for 
interpretation.  We  are  thus  reducing 
various  kinds  of  digital  data  with  the  aid 
of  the  Tololo- Vienna  Reduction  System 
(TVR).  This  interactive  system  has  been 
in  operation  for  two  years  on  the  DTM 
PDP  11/34  computer.  We  have  also  in- 
stalled the  TVR  system  on  the  Institu- 
tion's VAX  11/780  at  the  Geophysical 
Laboratory  and  have  worked  out  pro- 
cedures for  using  the  system  interac- 
tively from  this  "remote"  DTM  site. 

New  application  programs  for  pro- 
cessing observational  data  from  three 
different  instruments  were  developed  and 
added  to  the  TVR  system.  These  pro- 
grams were  designed  for  speed  and  ease 
in  use,  as  we  anticipate  considerable  fu- 
ture observing  with  these  instruments. 

(1)  We  use  the  intensified  Reticon 
spectrograph  at  Las  Campanas  Obser- 
vatory (Shectman,  1981)  to  obtain  mea- 
surements of  the  velocity  dispersions  of 
the  stellar  component  of  galaxies  (see 
Whitmore,  Rubin,  and  Ford,  pp.  573- 
577,  this  Report)  and  to  determine  abun- 


dances of  elements  in  galaxies  from  emis- 
sion-line strengths.  The  programs  perform 
sky  subtraction,  wavelength  calibration, 
Fourier  analysis  of  the  velocity  disper- 
sion and  redshift  (Sargent  et  al.,  1977), 
and  automatic  measurement  of  both 
emission  and  absorption  lines.  The  wave- 
length calibration  program  has  been  re- 
written. It  now  takes  less  than  a  day, 
rather  than  a  week  or  more,  to  obtain 
the  wavelength  solutions  for  a  week's  ob- 
serving run. 

(2)  We  have  developed  specific  appli- 
cation programs  for  the  reduction  of  long- 
slit  spectra  obtained  with  the  Carnegie 
image  tube.  The  plates  are  first  traced 
at  the  Goddard  Space  Flight  Center  with 
the  PDS  microdensitometer.  We  per- 
form sky  subtraction  and  wavelength  cal- 
ibration operations  on  the  data  by  using 
the  TVR  system.  Corrections  for  geo- 
metric distortions  in  the  long-slit  spectra 
are  then  measured  and  applied  to  the  data. 
We  improve  the  signal-to-noise  ratio  of 
the  spectra  in  the  faint  regions  of  the 
galaxy  by  adding  together  a  number  of 
adjacent  traces  and  thereby  averaging 
over  a  larger  area.  Stellar  velocity  dis- 
persions and  rotational  velocities  are  then 
determined  using  the  Fourier  tech- 
niques. 

(3)  We  have  also  developed  specialized 
reduction  programs  for  the  High  Gain 
Video  Spectrograph  at  Kitt  Peak  Na- 
tional Observatory.  We  obtain  long-slit 
spectra  of  absorption  features  in  spiral 
galaxies  with  this  instrument.  The  initial 
geometric  corrections,  sky  subtraction, 
and  wavelength  calibration  are  per- 
formed at  Kitt  Peak.  The  new  programs 
at  DTM  correct  for  bad  pixels,  sum  spec- 
tra, and  perform  the  Fourier  reductions. 
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Shake-Table  Calibration  of  the 

Geodynamics,  Inc.  Recording 

Gravimeter 

R.  T.  Williams*  and  N.  Sklower  van  Eys* 

Three  tidal  recording  gravimeters  have 
been  calibrated  as  seismometers,  using 
the  shake-table  at  DTM.  The  motivation 
was  to  find  a  suitable  accelerometer  for 
use  as  a  companion  instrument  to  the 
Sacks-Evertson  borehole  strainmeter  in 
obtaining  data  for  single-site  phase  ve- 
locity measurements  (Sacks  et  al.,  1976). 

Instrumentation 

The  instrument  studied  in  this  work  is 
the  Geodynamics,  Inc.,  model  TRG-1  re- 
cording gravimeter.  The  basic  unit  is  a 
North  American  exploration-type  gra- 
vimeter modified  by  Geodynamics  for  re- 
cording of  tidal  gravity  variations.  The 
design  of  the  gravimeter  is  essentially 
that  of  Lacoste  (1935).  The  modifications 
by  Geodynamics  include  a  displacement- 
sensitive  transducer  of  the  capacitance 
type  and  an  electronic  temperature  con- 
trol system  designed  to  maintain  the 
temperature  of  the  inner  mechanism  to 
within  0.005°C  of  a  manufacturer-deter- 
mined optimum  near  36°C. 

Shake-Table  Calibration 

The  shake-table  simulates  sinusoidal 
ground  motion,  with  both  the  frequency 
and  range  of  the  displacement  selectable. 
In  this  work,  calibration  data  were  ob- 
tained at  frequencies  between  4  mHz  and 
300  mHz,  and  at  displacements  between 
15  microns  and  1200  microns  (range).  A 
two-channel  strip-chart  was  simulta- 
neously made  of  the  gravimeter  output 
signal  and  of  a  signal  derived  from  a  dif- 
ferential transformer  on  the  shake-table. 
From  these  two  signals  both  the  ampli- 
tude and  phase  of  the  instrument  output, 
relative  to  the  table  input,  were  mea- 
sured. 


*  Department  of  Geology  and  Geography,  West 
Virginia  University,  Morgantown. 


As  part  of  the  calibration  measure- 
ments, one  instrument,  735,  was  sub- 
jected to  additional  tests  for  linearity. 
We  tested  that  the  calibration  remained 
constant  over  a  table  amplitude  range  of 
a  factor  of  eighty  and  observed  the  de- 
pendence of  the  instrument  response  on 
the  rest  position  of  the  gravimeter  mass. 

Results 

The  results  of  the  instrument  calibra- 
tion measurements  are  presented  in  Figs. 
90  and  91.  Figure  90  shows  the  amplitude 
response  of  the  gravimeter  in  terms  of 
the  output  signal  voltage  per  unit  of  in- 
put ground  acceleration.  Figure  91  shows 
the  phase  lag  of  the  output  signal  relative 
to  the  displacement  of  the  shake-table. 
In  both  figures,  the  data  for  two  of  the 
instruments  have  been  offset  for  clarity 
in  presentation.  In  both  amplitude  and 
phase  data,  it  can  be  seen  that  meters  17 
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Fig.  90.  Acceleration  amplitude  response  data 
for  three  Geodynamics  gravimeters.  The  data  for 
meters  17  and  826  have  been  displaced  downward 
by  exactly  one-half  decade  and  one  decade,  re- 
spectively, for  clarity.  Each  curve  is  a  composite 
of  data  obtained  using  three  different  ranges  of 
table  motion  between  15  and  1180  microns. 
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TABLE  13.     Linearity  Tests  of  TRG  735* 
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Fig.  91.  Displacement  phase  response  data  for 
three  Geodynamics  gravimeters.  The  data  for  me- 
ters 735  and  17  have  been  shifted  to  the  left  by  one 
decade  and  one-half  decade,  respectively. 

and  735  have  similar  response  curves. 
These  two  instruments  behave  as  accel- 
erometers,  at  frequencies  lower  than  30 
mHz  for  meter  17  and  lower  than  20  mHz 
for  meter  735. 

The  response  curves  for  meter  826  are 
more  complex.  There  is  a  well-defined 
peak  in  the  amplitude  response  near  20 
mHz,  and  the  curve  may  be  horizontal 
below  10  mHz.  The  phase  response  shows 
a  lower  rate  of  increase  in  the  phase  lag 
with  frequency.  Also,  there  is  a  slight 
but  well-defined  shoulder  in  the  phase 
data  at  20  mHz. 

The  results  of  the  tests  for  linearity 
with  respect  to  the  position  of  the  gra- 
vimeter  mass  are  presented  in  Table  13. 

Conclusions 

The  gravimeters  perform  satisfacto- 
rily when  the  output  signal  is  taken  di- 
rectly from  the  transducer  on  the 


Shake-table 
Frequency 


%  Deviation  from 
Center  of  Motion  Center  Response 


16  mHz 


238  mHz 


Low  (20  kHz) 
High  (80  kHz) 
Low  (30  kHz) 
High  (74  kHz) 


+   2.2 

+   1.6 

0.0 

-16.1 


*A11  tests  were  conducted  using  a  table  motion 
of  33  microns.  The  total  range  of  mass  motion  cor- 
responds to  frequencies  of  0-100  kHz. 


gravimeter  mass.  Tests  using  the  origi- 
nal recording  circuit  showed  nonlinearity 
and  a  complex  response  curve. 

The  instrument  is  over-damped  by  an 
air  damping  mechanism.  This  system 
cannot  be  adjusted  precisely  and  is  some- 
what variable  between  different  instru- 
ments. This  results  in  variations  in  the 
response  curves  among  different  instru- 
ments. It  may  also  cause  small  changes 
in  the  response  of  a  particular  instrument 
when  moved  from  one  place  to  another 
at  different  altitude  and  atmospheric 
density.  The  present  data  are  not  suffi- 
cient to  define  this  site  dependence,  but 
the  possible  variability  suggests  a  need 
for  on-site  wide-frequency  range  calibra- 
tion using  the  internal  electrostatic  force 
calibration  system,  activated  perhaps  by 
a  pseudo-random  binary  signal,  as  sug- 
gested by  Berger  et  al.  (1979).  The  non- 
linearity  found  at  the  higher  frequency 
suggests  that  the  mass-frame  relative 
motion  must  be  significantly  less  than  half 
its  range  to  ensure  fidelity. 
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INTRODUCTION 


Throughout  its  history  the  Mount  Wil- 
son Observatory  has  maintained  a  tra- 
dition of  support  for  major  survey  and 
search  programs.  These  have  included 
surveys  of  radial  velocities  of  stars  of  all 
types,  a  program  of  spectral  classifica- 
tion that  led  to  the  system  of  Mount  Wil- 
son spectroscopic  absolute  magnitudes, 
the  establishment  of  magnitude  se- 
quences in  a  grid  of  Mount  Wilson  "Se- 
lected Areas"  all  over  the  sky,  systematic 
photography  of  galaxies,  and  a  galaxy 
redshift  program.  These  endeavors  pro- 
vided basic  data  that  have  been  used  to 
solve  important  problems  of  galactic 
structure,  stellar  evolution,  and  obser- 
vational cosmology. 

This  tradition  continues  at  the  Mount 
Wilson  and  Las  Campanas  Observato- 
ries. In  this  report  I  count  no  less  than 
six  major  search  or  survey  programs  in 
progress:  a  systematic  search  for  Virgo 
cluster  members,  two  major  radial  ve- 
locity surveys  of  galaxies,  two  major 
photometric  studies  of  the  Galactic  halo, 
and  a  quasar  search  program.  Two  com- 
pleted surveys  are  leading  to  the  prep- 
aration of  catalogs.  In  addition,  two  long- 
range  monitoring  programs  devoted  to 
investigations  in  solar  physics  and  stellar 
activity  are  in  progress.  The  ability  to 
allocate  adequate  telescope  time  to  such 
tasks  is  one  of  the  Observatories'  great- 
est assets,  and  one  that  we  will  continue 
to  exploit. 

Research  projects  need  not  be  lengthy 
to  be  significant.  Examples  of  these,  in- 
cluded in  the  next  few  paragraphs,  are 
intended  to  give  the  general  reader  some 
idea  of  the  breadth  of  activities  that  have 
taken  place  at  the  Observatories  during 
the  past  year. 

Solar  physicists  maintain  a  lively  in- 
terest in  the  differential  rotation  of  the 
subsurface  layers  of  the  Sun.  Current 
dynamo  theory  requires  that  the  interior 


layers  rotate  more  rapidly  than  the  sur- 
face, in  contradiction  to  prevailing  mod- 
els of  the  convective  envelope  where  the 
interior  is  required  to  spin  more  slowly. 
Is  there  an  observational  test?  Perhaps. 
Most  previous  determinations  of  the 
equatorial  rotation  rate  of  the  Sun  based 
on  the  angular  motion  of  magnetic  active 
regions  on  the  Sun  (spots,  faculae,  plages) 
yield  values  for  the  rotation  rate  between 
14.4  and  14.5  degrees  (of  solar  longitude) 
per  day.  Snodgrass,  working  with  mag- 
netograph  data  obtained  over  sixteen 
years  at  the  150-foot  solar  tower  tele- 
scope on  Mount  Wilson,  reports  a  new 
value  for  the  magnetic  period,  14.36  de- 
grees per  day.  However,  during  the  past 
year  there  have  been  two  determinations 
of  the  rotation  rate  based  on  Doppler 
measurements  of  the  solar  plasma.  How- 
ard, also  using  data  from  the  solar  tower, 
obtains  a  value  of  14.19  degrees  per  day, 
while  Joseph  L.  Snider  (Oberlin  College) 
used  a  potassium  cell  at  the  Snow  tele- 
scope on  Mount  Wilson  to  obtain  13.8  ± 
0.3  degrees  per  day.  The  Doppler  rates 
are  lower  than  the  magnetic  rates,  which 
may  be  an  indication  that  the  magnetic 
field  is  anchored  to  a  deeper,  faster-mov- 
ing layer.  However,  Snodgrass  cautions 
that  most  systematic  errors  in  the  Dop- 
pler method  tend  to  depress  the  result. 
In  view  of  the  importance  of  these  results 
for  construction  of  solar  models,  this  work 
will  continue. 

John  Trauger  (CalTech)  describes  ele- 
gant observations  of  the  Jovian  sulfur 
nebula  made  at  the  du  Pont  telescope 
with  a  CCD  camera.  He  recorded  images 
in  the  light  of  forbidden  emission  lines  of 
singly  and  doubly  ionized  sulfur  to  pro- 
vide basic  data  whereby  to  deduce  phys- 
ical parameters  of  the  nebula  and  to  probe 
the  structure  of  the  Jovian  magneto- 
sphere.  The  sulfur  ions  appear  within 
concentric  toroidal  regions  centered  on 


593 


594 


CARNEGIE    INSTITUTION 


and  corotating  with  Jupiter.  From  a  study 
of  his  data,  Trauger  infers  that  sulfur 
atoms,  sputtered  sporadically  from  the 
volcanic  satellite  Io  by  heavy  ions  in  the 
magnetosphere,  are  swept  into  corota- 
tion  with  the  magnetosphere  and  rapidly 
cool  to  600,000  K.  Thereafter,  the  cool- 
ing rate  slows  and  S  +  +  recombines  to 
S  4-  accompanied  by  inward  diffusion  on 
a  time  scale  of  months.  This  strange  pic- 
ture of  the  environs  of  Jupiter  is  a  syn- 
thesis made  possible  by  a  number  of 
unrelated  developments — the  early  de- 
tection of  the  magnetosphere  by  radio 
astronomers,  the  unanticipated  discov- 
ery of  vulcanism  on  Io  during  the  Voy- 
ager fly-by,  the  development  of  sensitive 
detectors  capable  of  recording  the  faint 
sulfur  emissions,  and,  finally,  the  oper- 
ation of  a  large  telescope  under  the  clear 
atmospheric  conditions  at  Las  Campanas 
that  minimize  scattered  light  from  the 
brilliant  planet. 

A  development  in  the  study  of  stellar 
activity  is  worthy  of  mention.  In  Year 
Book  80  (p.  599),  Vaughan  described  a 
method  by  which  rotation  periods  of  lower- 
main-sequence  stars  could  be  deter- 
mined from  the  observed  modulation  of 
a  chromospheric  emission  index.  Now, 
Robert  W.  Noyes  (Harvard-Smithsonian 
Center  for  Astrophysics)  and  Vaughan 
report  that  they  have  discovered  a  re- 
lation between  rotation  period,  mean  level 
of  chromospheric  flux,  and  B  —  V  color. 
The  relation  is  calibrated  by  rotation  pe- 
riods derived  by  the  autocorrelation 
method,  and  it  provides  remarkably  good 
predictions  of  rotation  rates.  This  new 
procedure  has  the  great  advantage  that 
series  of  chromospheric  flux  measure- 
ments over  prolonged  time  are  not  re- 
quired to  determine  periods.  If  future 
work  confirms  the  validity  of  this  rela- 
tion, a  powerful  tool  will  be  available  for 
the  study  of  the  distribution  of  angular 
momentum  among  lower-main-sequence 
stars. 

It  has  long  been  recognized  that  su- 
pernovae  are  potentially  valuable  dis- 
tance indicators  by  virtue  of  their 
extremely  high  luminosities  at  maximum 


light.  In  this  Report,  two  lines  of  evi- 
dence are  presented  to  demonstrate  that 
type  I  supernovae  (SN  I)  are  worthy 
standard  candles.  Sandage  has  used 
previously  calibrated  absolute  magni- 
tudes of  red  supergiants  to  obtain 
<Mv(max)>  =  -19.7  ±  0.2  for  two 
well-studied  SN  I  in  IC  4182  and  NGC 
4214.  He  presents  additional  evidence  for 
a  small  dispersion  in  Mv(?nax)  in  the  form 
of  a  Hubble  diagram  for  sixteen  SN  I. 
The  second  indication  of  uniformity  in  the 
SN  I  phenomenon  comes  from  a  set  of 
fortuitous  events.  In  the  space  of  a  few 
weeks  in  1981,  three  supernovae  went 
off,  two  in  the  elliptical  galaxy  NGC  1316 
and  another  in  the  spiral  NGC  4536  in 
the  Virgo  cluster.  Persson,  collaborating 
with  J.  Elias  and  J.  Frogel  (Cerro  Tololo 
Inter-American  Observatory)  and  J. 
Hackwell  (University  of  Wyoming),  ob- 
tained detailed  infrared  light  curves  of 
all  three  objects  with  CTIO  and  Las 
Campanas  telescopes.  The  superposed 
observations  of  the  three  SN  I  have  a 
dispersion  within  the  observational  er- 
rors (—0.04  mag)  over  an  interval  of  100 
days  beginning  near  maximum  light;  for 
the  first  time,  a  distinct  secondary  max- 
imum was  seen  in  all  three  objects  at  1.25 
|xm  (J  filter)  some  thirty  days  after  pri- 
mary maximum.  The  energy  distribu- 
tions of  the  three  SN  I,  as  measured  by 
the  J  -H  color,  are  also  remarkably  sim- 
ilar. These  agreements  in  every  measur- 
able detail  provide  strong  evidence  that 
the  physical  processes  at  work  in  the  three 
supernovae  must  be  much  alike. 

The  spectrum  of  HD  97048,  a  pre-main- 
sequence  star  which  lies  in  a  reflection 
nebula  near  the  Chamaeleon  dark  cloud, 
contains  a  strong  emission  feature  at  3.5 
ixm.  The  feature,  so  far  unique  to  this 
source,  has  been  attributed  to  solid  for- 
maldehyde (H2CO)  on  the  basis  of  the 
approximate  wavelengu.  <  ^incidence  with 
that  of  the  stretching  modes  of  the  C-H 
molecular  bond.  High-resolution  profiles 
of  this  3.5-|xm  feature  have  been  mea- 
sured by  Persson  and  Geballe,  together 
with  J.  Lacy,  F.  Baas,  and  L.  Allaman- 
dola,   with  their  cold-grating  spectro- 
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meter  on  the  du  Pont  telescope.  The  sim- 
ilarity of  the  profile  structures  to  those 
produced  in  the  laboratory  by  H2CO 
embedded  in  matrices  of  solid  nitrogen 
and  argon  at  low  temperatures  (22  K) 
strongly  support  the  formaldehyde  iden- 
tification. Persson  speculates  that  we  are 
witnessing  a  transient  phase  of  pre-main- 
sequence  evolution  wherein  physical  con- 
ditions somehow  permit  H2CO  to  be  ex- 
cited in  grains  surrounding  the  star 
without  becoming  photodissociated. 

A  principal  aim  in  preparing  A  Revised 
Shapley-Ames  Catalog  of  Bright  Gal- 
axies (RSA)  was  to  obtain  large-scale 
photographs  of  the  1246  Shapley-Ames 
galaxies  in  order  to  reexamine  the  Hub- 
ble sequence  of  classification  in  view  of 
proposals  that  SO  and  anemic  spirals 
comprise  a  separate  sequence  formed  by 
the  stripping  of  gas-rich  systems  by  col- 
lisions. A  study  of  this  rich  plate  material 
by  Sandage  shows  that  there  is  no  se- 
quence of  SO  galaxies  that  parallels  nor- 
mal Sa,  Sb,  and  Sc  spirals.  The  disk 
surface  brightness  of  every  SO  photo- 
graphed is  much  brighter  than  those  of 
Sb  and  Sc  galaxies  and  somewhat  bright- 
er than  Sa  systems.  The  SO's  lie  at  the 
end  of  a  continuum  for  which  the  order 
of  increasing  disk  surface  brightness  is 
Sd,  Sc,  Sb,  Sa,  SO.  Sandage  concludes 
that  SO's  cannot  be  produced  by  stripping 
gas  from  normal  spirals,  and  he  favors 
the  Freeman-Stokes  hypothesis  that  disk 
surface  brightness  depends  on  the  frac- 
tion of  gas  converted  to  stars  during  halo 
collapse. 

Sandage,  in  collaboration  with  B. 
Binggeli  and  M.  Tarenghi  (European 
Southern  Observatory,  Munich),  reports 
on  systematic  properties  of  elliptical  gal- 
axies discovered  in  the  course  of  a  pho- 
tographic survey  of  the  Virgo  cluster  at 
the  du  Pont  telescope.  The  purpose  of 
the  survey  was  to  produce  a  catalog  of 
members  of  the  Virgo  cluster,  many  of 
which  are  of  low  luminosity.  The  authors 
report  that  dwarf  ellipticals  can  be  iden- 
tified unambiguously  by  their  low  surface 
brightness.  Two  central  fields  (~4  square 
degrees)  were  digitized  at  ESO  to  cal- 


culate total  magnitude,  effective  radius, 
and  effective  surface  brightness  for  100 
of  the  ellipticals  in  these  fields,  and  radial 
profiles  for  50  of  them.  Fits  of  the  latter 
to  King  models  provide  a  core  radius, 
central  surface  brightness,  and  the  con- 
centration index. 

From  these  data,  the  authors  report 
that  over  a  range  of  106  in  luminosity, 
the  concentration  index  and  effective  ra- 
dius decline  monotonically,  while  for  gal- 
axies brighter  than  MB  —  -  14  the  core 
radius  is  approximately  constant  (—600 
pc).  Over  the  whole  luminosity  range, 
the  core  radius  varies  by  less  than  a  fac- 
tor of  ten.  The  most  interesting  result 
from  the  point  of  view  of  the  survey  is 
the  dependence  of  surface  brightness  on 
luminosity:  From  MB  =  -23  to  -20, 
surface  brightness  rises  slightly  (approx- 
imately Hubble's  result)  but  then  de- 
clines monotonically  by  a  factor  of  250  to 
the  dwarf  ellipticals  at  M B  -  -  7.  It  is 
this  behavior  that  allows  dwarfs  in  Virgo 
to  be  distinguished  from  background  giant 
ellipticals  by  nothing  more  than  visual 
inspection  of  the  piates.  An  explanation 
of  these  new  correlations  over  a  mass 
range  of  106  is  not  known,  but,  Sandage 
concludes,  any  theory  of  galaxy  forma- 
tion must  confront  them. 

In  their  continuing  study  of  color  gra- 
dients in  the  spheroids  of  edge-on  spirals, 
Searle  and  P.  C.  van  der  Kruit  (Univer- 
sity of  Leiden)  report  their  results  for 
NGC  7814.  In  Searle's  words,  "the  light 
distribution  in  the  spheroid  is  as  simple 
as  it  could  be."  The  radial  distribution  is 
accurately  described  by  de  Vaucouleurs' 
empirical  law,  but  what  is  remarkable  is 
that  the  isophotes  in  all  three  colors  and 
at  all  radii  have  the  same  axis  ratio.  The 
colors  of  the  spheroid  become  bluer  with 
increasing  radius  but  the  contours  of  con- 
stant color  show  the  same  flattening  as 
do  the  isophotes.  Searle  points  out  that 
these  observations  contradict  the  pre- 
dictions of  models  based  on  the  notion  of 
chemically  homogeneous  contracting 
gaseous  proto-galaxies,  but  that  they 
could  be  understood  if  the  early  proto- 
galaxy  already  had  a  spatial  abundance 
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structure.  Comparison  of  these  results 
with  those  previously  obtained  by  Searle 
and  van  der  Kruit  (Year Book  80,  p.  623) 
for  NGC  4244,  NGC  5907,  and  NGC  891 
suggests  that  the  details  of  the  collapse 
of  a  proto-galaxy  to  form  a  spiral  stellar 
system  are  manifold. 

Arp  and  Barry  F.  Madore  (University 
of  Toronto),  after  seven  years  of  work 
which  included  inspection  of  more  than 
90,000  galaxies  on  United  Kingdom  deep 
Illa-J  plates,  are  now  preparing  for  pub- 
lication The  Catalog  of  Southern  Pecu- 
liar Galaxies  and  Associatio?is  in  a  two- 
volume  set;  publication  is  scheduled  for 
late  1982,  by  Clarke-Irwin  of  Toronto. 
Volume  I  will  contain  coordinates  and  de- 
scriptions of  some  15,000  peculiar  gal- 
axies and  associations.  Volume  II  will 
contain  photographs  of  approximately 
1200  objects  to  serve  as  illustrations  of 
the  various  classifications  of  peculiar  gal- 
axies. 

Galaxy  evolution  was  once  regarded  as 
a  nuisance  that  complicated  observa- 
tional cosmology,  in  particular,  the  de- 
termination of  the  deceleration  of  the 
universe.  Now  it  is  being  studied  for  its 
own  sake.  Dressier  and  James  E.  Gunn 
(Princeton  University)  have  obtained 
spectra  with  the  Hale  5-meter  telescope 
of  26  galaxies  in  the  remote  3C  295  clus- 
ter of  galaxies,  in  order  to  study  the  char- 
acteristics of  distant  galaxies  of  modest 
luminosity.  After  eliminating  foreground 
and  background  objects,  they  found  that 
the  percentage  of  blue  galaxies  in  the 
cluster  is  similar  to  that  in  nearby  "pres- 
ent-day" clusters  (15-25%).  However,  of 
the  six  blue  galaxies,  three  are  Seyferts 
(galaxies  with  active  nuclei  whose  spec- 
tra resemble  those  of  quasars),  which  are 
very  rare  in  nearby  clusters.  The  re- 
maining three  are  somewhat  redder;  then- 
spectra  are  best  matched  by  a  composite 
of  an  old  elliptical  population  added  to  an 
equal  luminosity  of  A-type  stars.  Thus  it 
appears  that  galaxy  evolution  has  been 
detected,  but  existing  observations  as  yet 
put  few  constraints  on  the  details. 

In  Year  Book  79  (p.  620),  Shectman, 
working  with  Robert  Kirshner  (Univer- 


sity of  Michigan),  Augustus  Oemler  (Yale 
University),  and  Paul  Schechter  (Kitt 
Peak  National  Observatory),  reported  a 
large  volume  of  space  conspicuously  empty 
of  galaxies.  The  conclusion  followed  from 
the  absence  of  redshifts  between  12,000 
km  s"1  and  18,000  km  s"1  in  three  two- 
square-degree  fields  separated  from  each 
other  by  some  30  degrees  in  the  region 
of  the  North  Galactic  Pole.  Now,  a  new 
survey  has  been  conducted  to  sample  the 
entire  area  of  the  sky  between  the  three 
original  fields.  Radial  velocities  of  102 
galaxies  in  56  minifields  confirm  the  red- 
shift  gap  reported  earlier,  and  the  in- 
creased areal  resolution  shows  that  it  is 
tipped  with  respect  to  the  line  of  sight — 
more  distant  in  the  north  than  in  the  south. 
Furthermore,  the  boundaries  of  the  empty 
region  in  the  plane  of  the  sky  cannot  be 
discerned  within  the  area  sampled.  The 
implications  of  such  large  features  in  the 
galaxy  distribution  are  not  yet  clear. 
Shectman  cautions  that  the  actual  den- 
sity of  galaxies  in  the  empty  region  has 
not  been  adequately  determined.  He 
speculates  that  galaxy  formation  may  have 
proceeded  differently  in  the  void  and  that 
low-luminosity  galaxies  may  be  present 
but  do  not  appear  in  a  sample  limited  by 
apparent  magnitude. 

On  the  practical  side,  a  solar  water- 
heating  facility  has  been  placed  in  op- 
eration at  Las  Campanas  Observatory. 
It  is  appropriate  to  view  this  develop- 
ment as  part  of  a  larger  energy  plan. 
Because  of  its  location  in  a  remote  reach 
of  Chile's  Atacama  desert,  the  Obser- 
vatory must  generate  its  own  electrical 
power.  It  does  so  by  means  of  one  or  the 
other  of  two  250-KVA  diesel-generator 
units.  The  cost  and  availability  of  liquid 
fossil  fuel,  however,  are  subject  to  the 
vagaries  of  international  economics  and 
politics,  and  all  thoughtful  analyses  in- 
dicate that  the  cost  will  only  rise  as  time 
goes  on.  The  Institution  therefore  is  con- 
sidering ways  to  reduce  the  Observato- 
ry's dependence  on  fossil  fuel.  We  are  not 
without  opportunities.  The  Las  Cam- 
panas site  is  blessed  with  a  high  per- 
centage of  cloudless  days  (—75%),  and 
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Fig.  1.  Maximum  and  minimum  windspeeds  at  Las  Campanas  during  two  typical  months  in  summer 
(February  1981)  and  in  winter  (August  1981),  as  measured  by  a  recording  anemometer  located  near  the 
du  Pont  telescope. 


windspeeds  in  summer  and  winter  con- 
sistently lie  in  the  range  appropriate  for 
generation  of  electrical  power  by  wind- 
mills (see  Fig.  1). 

The  solar  water-heating  plant  is  a  first 
step  toward  independence.  It  consists  of 
a  100-m2  plane  array  of  heat  collectors, 
through  which  water  circulates  to  an 
11,000-liter  insulated  holding  tank.  A  heat 
exchanger  in  the  tank  provides  all  hot 
water  for  the  lodge  and  dormitories  in 
summer  and  —75%  of  that  required  in 
winter.  For  much  of  the  year  it  has  ad- 
ditional capacity  to  provide  space  heat- 
ing, thereby  reducing  mountain  power 
consumption.  Next,  air  motors  will  be 
deployed  in  the  telescope  domes  to  elim- 
inate transient  power  surges  produced 
by  present  electric  motors;  such  surges 


now  require  a  greatly  oversized  diesel 
generator  to  maintain  voltage  and  fre- 
quency stability  when  the  motors  start. 
After  the  air  motors  are  in  place,  it 
will  be  possible  to  determine  nominal 
power  requirements  (<  100  KW),  and  to 
design  an  appropriate  wind-powered 
electrical  generation  plant.  How  suc- 
cessful might  such  a  power  plant  be? 
Typical  commercially  available  windmill 
generators  in  the  20-30  KW  range  begin 
to  produce  power  at  windspeeds  of  10 
mph  and  reach  maximum  efficiency  at 
speeds  of  from  30  to  35  mph.  In  Fig.  1, 
the  daily  maximum  or  minimum  wind- 
speeds  at  Las  Campanas  are  plotted  for 
typical  summer  and  winter  months.  The 
typical  diurnal  variation  is  a  roughly  sin- 
usoidal double  wave  with  maxima  near 
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noon  and  midnight.  Clearly,  the  wind  is     servatory's  needs. 

an  abundant  source  of  power  for  the  Ob-  George  W.  Preston 

INSTRUMENTATION 


Solar  Magnetograph 
Improvements 

Robert  Howard 

A  new  exit-slit  mechanism  has  been 
installed  at  the  magnetograph  of  the  150- 
foot  solar  tower  telescope  at  Mount  Wil- 
son (Fig.  2).  This  device,  which  was  put 
into  operation  in  December  1981,  rep- 
resents a  new  approach  to  the  problem 


of  measuring  magnetic  fields  from  the 
Zeeman  effect  in  astronomical  spectrum 
lines.  The  new  technique  has  some  dis- 
tinct advantages  over  the  conventional 
magnetograph  amplifier  for  the  mea- 
surement of  magnetic  fields  and  also  in 
its  function  as  a  detector  of  Doppler  line 
shifts.  Since  its  installation,  the  new  sys- 
tem has  proved  to  be  a  considerable  im- 
provement over  the  previous  instrument. 


Fig.  2.  The  exit-slit  assembly  at  the  focus  of  the  150-foot  tower  telescope.  The  white  box  mounted 
on  the  circular  spectrograph  head  contains  the  exit-slit  optics  and  electronics.  Specially  designed  fiber- 
optic bundles  transmit  the  light  from  the  spectrograph  focus  to  the  photomultiplier  tubes.  The  mechanism 
for  each  of  the  two  assemblies  is  mounted  on  a  precision  stage  which  is  moved  by  a  stepper  motor.  The 
periscope  arrangement  seen  on  the  front  of  the  box  allows  the  observer  to  see  the  spectrum  and  the 
stage  position  so  that  he  or  she  can  set  each  stage  to  a  spectrum  line.  The  42-cm  solar  image  is  on  the 
table  above  the  box  and  is  not  visible  from  the  angle  at  which  this  picture  was  taken.  Below  the  table 
is  mounted  the  KD*P  crystal  and  polarizer.  The  minicomputer  and  some  of  the  electronics  that  control 
the  system  can  be  seen  to  the  right. 
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The  modulation  of  the  light  entering 
the  spectrograph  is  accomplished  by  use 
of  the  same  KD*P  optical  crystal  used 
before.  A  microprocessor  (LSI-11)  con- 
trols an  alternating  low-level  electrical 
signal,  which  is  amplified  to  provide  a 
high- voltage  square  wave  to  the  KD*P 
crystal.  Thus,  precise  control  of  the  mod- 
ulating voltage  can  be  achieved  in  the 
software  of  the  microprocessor.  The 
crystal,  in  combination  with  a  Glan- 
Thompson  linear  polarizer,  admits  cir- 
cularly polarized  light  of  opposite  sense 
in  each  half-phase  of  the  crystal  modu- 
lation. At  the  spectrum,  then,  as  in  the 
usual  Babcock  magnetograph,  we  see  al- 
ternately the  two  components  of  the 
magnetically  split  Zeeman  absorption-line 
profile.  If  there  is  a  magnetic  field  pres- 
ent in  the  solar  atmosphere  that  splits 
the  line  profile,  each  photomultiplier  tube 
will  detect  a  varying  light  level  as  the 
line  profile  appears  to  shift  back  and  forth. 

The  signal  from  each  photomultiplier 
tube  is  amplified  and  digitized  in  each 
half-cycle  of  the  crystal  modulation.  These 
digitized  signals  are  fed  to  the  same  mi- 
croprocessor that  controls  the  modula- 
tion. The  difference  between  the  digitized 
signals  in  the  two  phases  of  the  cycle 
gives  the  magnetic  field  value.  The  sum 
gives  the  intensity  in  the  line  wings.  The 
difference  in  the  signals  between  the  two 
tubes  within  any  one  half-cycle  gives  a 
measure  of  the  displacement  of  the  line 
profile  from  the  center  of  the  dual-slit 
carriage.  This  latter  signal  is  used  as  a 
servo  error  signal  in  a  digital  servo,  us- 
ing a  small  stepping  motor  to  correct  the 
position  by  centering  the  slit  carriage.  In 
practice,  in  each  cycle  (0.0025  seconds) 


the  computer  either  moves  the  stepper 
motor  one  or  two  steps  in  either  direction 
or  does  not  move  it  at  all,  depending  on 
the  sign  and  magnitude  of  the  error  sig- 
nal. One  step  corresponds  to  one  micron 
at  the  spectrograph  focus,  which  is  8  x 
10 ~5  A  or  about  4.6  m  s"1  in  Doppler 
shift. 

The  microprocessor  adds  the  various 
signals  over  the  integration  time  selected 
by  the  observer.  Currently  this  is  0. 127 
seconds  for  the  full-disk  scan.  These  val- 
ues are  passed  on  to  the  larger  computer 
to  be  stored  on  magnetic  tape  along  with 
the  time,  image  position,  and  other  quan- 
tities. Among  the  values  stored  is  the 
Doppler  servo  error  signal.  There  are  two 
exit-slit  carriages  so  that  we  are  able  to 
observe  simultaneously  with  two  spec- 
trum lines. 

The  advantages  of  the  new  system  for 
the  magnetic  field  signal  are  that  we  now 
have  precise  coordination  of  the  modu- 
lation of  the  light  and  the  detection  of  the 
signal.  We  are  also  able,  with  proper  cal- 
ibration procedures,  to  take  account  of 
the  nonlinear  nature  of  the  line  profile  to 
calculate  accurate  values  for  strong  fields. 
The  Doppler  signal  is  greatly  improved 
in  quality  because  we  record  the  servo 
error  signal;  we  are  thus  able  to  deter- 
mine the  precise  position  of  the  spectrum 
line  even  if  the  slit  carriage  was  not  able 
to  move  to  the  line  position  in  time.  Thus 
we  can  scan  faster  than  we  could  with 
the  previous  system  and  we  can  maintain 
more  accurate  magnetic  and  velocity  sig- 
nals. Both  the  magnetic  and  velocity  sig- 
nals have  benefitted  from  the  improved 
stability  and  accuracy  of  the  new  ampli- 
fiers. 


SOLAR  PHYSICS 


Rotation  of  Magnetic  Features  in 
the  Solar  Photosphere 

Herschel  Snodgrass 

Early  in  the  17th  Century,  Galileo  and 
others  reported  the  discovery  of  sun- 


spots  and  interpreted  their  motions  as 
evidence  of  solar  rotation.  As  early  as 
1630,  Scheiner  noted  that  whereas  all 
spots  move  across  the  solar  disk  in  par- 
allel, slightly  curved  arcs  (indicating  an 
inclined  rotation  axis),  the  motion  is  more 
rapid  for  those  spots  close  to  the  solar 
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equator.  This  phenomenon,  now  called 
"differential"  rotation,  attracted  little  at- 
tention until  the  middle  of  the  19th  Cen- 
tury, but  since  then  it  has  been  studied 
extensively.  Similar  differential  rotation 
has  by  now  been  observed  for  Saturn  and 
Jupiter,  and  its  presence  is  expected  in 
some  form  for  any  rotating,  self-gravi- 
tating fluid  body. 

As  yet,  however,  a  basic  or  even  heu- 
ristic understanding  of  differential  ro- 
tation is  lacking.  A  priori  theoretical 
analysis  involves  such  intractably  nonlin- 
ear equations  that  even  the  establish- 
ment of  a  beachhead  may  require  a 
considerable  advance  in  the  theory  of 
turbulence.  Semi-empirical  mathemati- 
cal modeling,  on  the  other  hand,  depends 
on  assumptions  about  the  interior,  which 
we  cannot  see,  such  as  the  depth  of  the 
convection  zone  and  how  the  interior  lay- 
ers rotate.  These  interior  properties  have 
a  variety  of  surface  manifestations  which 
are  now  being  identified  and  pinned  down, 
both  observationally  and  theoretically. 
Many  projects  at  Mount  Wilson  contrib- 
ute to  this  effort,  including  studies  of 
brightness  variation,  solar  oscillations, 
plasma  rotation,  and  the  present  study 
of  magnetic  rotation. 

Also  of  continuing  interest  is  the  con- 
nection between  differential  rotation  and 
the  solar  cycle.  An  elegant  though  heu- 
ristic explanation  of  the  cycle  does  exist; 
put  forth  by  Babcock  in  1961,  it  ascribes 
the  cycle  to  the  winding  of  the  magnetic 
field  around  the  Sun  by  the  Sun's  differ- 
ential rotation.  Sunspots  are  created  when 
Faraday  repulsion  of  the  field  lines  causes 
them  to  burst  forth  from  the  solar  sur- 
face, and  the  magnetic  features  then  drift 
and  recombine  to  reverse  the  global  bi- 
polarity  of  the  field.  This  model  correctly 
predicts  the  observed  polarities  of  sun- 
spots;  it  does  not  do  as  well,  however, 
with  location,  drift,  and  breakup  or  decay 
of  the  active  regions,  nor  with  the  ob- 
served time  scales.  It  is  generally  felt 
that  the  most  promise  for  improving  or 
replacing  Babcock's  model  lies  in  the  so- 
lar dynamo  theory,  which  aims  at  ex- 
plaining all  the  Sun's  magnetic  behavior 


in  terms  of  dynamos  driven  by  turbu- 
lence and  differential  rotation.  At  pres- 
ent, however,  a  successful  dynamo 
description  of  the  solar  cycle  seems  to 
require  an  interior  which  spins  more  rap- 
idly than  the  surface,  in  contradiction  to 
prevailing  differential  rotation  models 
where  the  interior  is  required  to  spin  more 
slowlv. 

The  strong  evidence  that  the  solar  cy- 
cle is  at  least  partially  driven  by  differ- 
ential rotation  leads  one  to  inquire  about 
the  reaction  of  the  cycle  on  the  rotation 
rate.  The  recent  discovery  by  LaBonte 
and  Howard  of  a  weak  torsional  oscilla- 
tion with  an  eleven-year  period,  reported 
in  Year  Book  79  (p.  594),  provides  evi- 
dence of  this.  The  relative  weakness  of 
the  oscillation  in  comparison  with  the 
overall  differential  rotation  (shear)  is  likely 
an  indication  of  the  relative  energies  in- 
volved in  these  two  phenomena. 

Early  observational  determinations  of 
solar  rotation  involved  the  tracking  of 
visible  features — sunspots,  plages,  fa- 
culae,  filaments — as  they  moved  across 
the  solar  disk.  Rotation  rates  for  these 
features  continue  to  be  measured  today 
with  longer  time  scales  and  refined  tech- 
niques. One  important  refinement  was 
the  invention  of  the  spectroheliograph 
(Hale,  1892),  with  which  the  Sun  is  ob- 
served in  a  very  narrow  band  of  its  spec- 
trum (usually  at  or  near  the  center  of  a 
strong  Fraunhofer  absorption  line);  with 
this  device  the  visibility  of  many  features 
is  greatly  enhanced,  and  one  can  examine 
the  solar  atmosphere  at  varying  depths. 
However,  attempts  to  use  this  technique 
to  examine  the  relation  of  rotation  to  depth 
have  not  been  conclusive. 

All  these  visible  features  are  associ- 
ated with  surface  magnetic  fields.  Thus 
the  rotation  rates  found  should  essen- 
tially match  the  rotation  of  the  fields 
themselves,  which  will  be  discussed  be- 
low. Table  1  lists  some  of  the  most  careful 
studies,  including  determined  equatorial 
rotation  rates.  Notice  that  the  various 
determinations  vary  as  much  with  author 
as  they  do  with  time  and  phenomenon. 
Thus  we  cannot  yet  say  "plages  move 
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Author(s) 

Method 

Results 

Date 

deg/day 

\xR/s 

1863 

Carrington 

Sunspots,  1853-1861 

14.42 

2.913 

1905 

Maunder  and  Maunder 

Faculae,  1879-1901 

14.44 

2.916 

1921 

Fox 

Ca  Plages:  Yerkes 
spectroheliograms  1903-1908 

14.56 

2.941 

1939 

De  Lury 

Doppler:  Review  of  25  years  of 
study  by  different  authors 

14.37 

2.903 

1948 

d'Azambuja  and  d'Azambuja 

Prominence  Rotation  (all 
available  records) 

14.48 

2.925 

1951 

Newton  and  Nunn 

Sunspots,  1934-1944 

14.38 

(.01) 

2.905 

(.002) 

1972 

Dupree  and  Henze 

Skylab  spectroheliograms,  EUV 

13.46 

2.718 

1975  Simon  and  Noyes 

1975  Schroter  and  Wohl 

1982  Howard,  et  al. 

1982  Snider 

1982  Snodgrass 


and  Lyman  continuum 

autocorrelation 
Skylab  spectroheliograms:  bright 

emission  points 
Quiet  Ca  II  background-emission 

pattern 
Doppler,  Mount  Wilson,  1966-1982 

Spectroscopic,  7899  A  K-line 

Snow  telescope,  Mount  Wilson 
Magnetic  Rotation,  Mount  Wilson 


14.45 


14.50 


2.918 


2.929 


14.19 

2.867 

(.02) 

(.005) 

13.8 

2.79 

(.2) 

(.05) 

14.36 

2.9017 

(.01) 

(.0016) 

*For  references  through  1975,  see  Howard,  Revs.  Geophys.  and  Space  Phys. 
The  last  three  entries  represent  work  in  preparation. 
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faster  than  spots,"  or  the  reverse.  Such 
knowledge  will  be  essential,  however,  in 
the  successful  unraveling  of  the  myster- 
ies of  differential  rotation  and  the  solar 
cycle. 

To  determine  the  rotation  of  the  solar 
plasma  itself,  spectroscopic  means  are 
employed:  the  Doppler  shifts  of  selected 
spectral  lines  are  measured.  Although 
most  visible  features  are  confined  to  the 
active  regions  (near  the  equator),  Dop- 
pler shifts  can  be  measured  for  the  whole 
Sun.  The  measurements  are  difficult, 
however,  and  involve  a  great  deal  of  data 
reduction.  Such  competing  sources  of  line 
shift  as  turbulent  up-and-down  flows, 
meridional  flow,  and  limb  effects  must  be 
carefully  identified  and  separated  out,  and 
correction  must  be  made  for  atmospheric 
scattered  light.  Within  the  telescope, 
scattered  light,  spurious  fringes,  and  in- 
strumental drifts  must  be  eliminated  or 
corrected  for.  As  seen  in  Table  1,  the 
determined  rates  are  mostly  lower  than 
the  spot  and  magnetic  rates,  which  may 


be  an  indication  that  the  field  is  anchored 
in  a  deeper,  faster-moving  layer.  This  is 
controversial,  however;  most  systematic 
errors,  e.g.,  scattered  light,  tend  to  de- 
press the  Doppler  result,  and  so  possibly 
the  discrepancy  is  due  to  errors  yet  re- 
maining in  the  system. 

The  invention  of  the  magnetograph 
(Babcock,  1952)  and  the  use  of  computers 
for  data  gathering,  reduction,  and  anal- 
ysis have  put  solar  rotation  studies  on 
much  firmer  ground.  At  Mount  Wilson, 
data  gathering  and  reduction  were  fully 
digitized  in  late  1966;  since  then,  Zeeman 
splittings  and  line  shifts  have  been  de- 
termined each  day  for  up  to  roughly  23,000 
points  on  the  solar  disk,  weather  per- 
mitting. Our  data  base  thus  now  consists 
of  magnetic-field  and  Doppler-deter- 
mined  speeds  covering  a  period  of  nearly 
sixteen  years,  an  appropriate  time  scale 
for  a  thorough  study  of  solar  cycle  and 
rotation.  The  Doppler  equatorial  rate, 
averaged  up  to  the  present  time,  is  seen 
in  Table  1. 
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In  the  present  study,  we  analyze  the 
magnetograms  to  obtain  the  rotation  rates 
for  the  fields  themselves.  In  previous  at- 
tempts, autocorrelation  techniques  were 
used  to  look  for  a  recurrent  field  pattern 
after  a  complete  rotation.  However,  there 
is  considerable  change  in  the  fields  on 
such  a  time  scale,  so  we  cross-correlate 
the  fields  from  one  to  four  successive  days 
and  infer  rotation  from  the  angular  dis- 
placement of  the  correlation  maxima.  The 
data  are  first  binned  into  a  coarse  array 
of  34  x  34  latitude  and  longitude  strips, 
then  correlation  is  done  in  the  region 
within  ±  36°  of  the  central  meridian  for 
each  of  the  34  latitudes.  The  results  are 
quite  noisy  on  a  day-to-day  basis,  but 
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settle  down  remarkably  when  averaged 
over  a  Carrington  (mean-solar)  rotation. 
Two  strong  conclusions  emerge  from  the 
results  obtained  for  the  period  1967-1981: 
(1)  The  rotation  rate  at  each  latitude  is 
steady,  showing  no  significant  tendency 
to  increase,  decrease,  or  vary  cyclically 
(Fig.  3),  and  (2)  on  the  average,  the  ro- 
tation as  a  function  of  latitude  agrees  re- 
markably with  the  classic  (1951)  spot 
results  of  Newton  and  Nunn,  except  for 
the  dimple  near  the  equator  (also  found 
in  the  Mount  Wilson  Doppler  results)  and 
in  a  tendency  to  have  more  shear  for  lat- 
itudes beyond  30°  (Fig.  4). 

Comparison  with  the  Mount  Wilson 
Doppler  results  (Fig.  4)  indicates  a  nearly 
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Fig.  3.  Magnetic  rotation  at  selected  latitudes.  The  time  scale  covers  15  years,  with  thirteen  deter- 
minations per  year.  Thus  each  point  represents  an  approximately  28-day  average  of  the  magnetic  rotation 
rate,  with  the  error  bar  reflecting  the  variance  of  the  average.  The  horizontal  line  is  positioned  at  the 
average  value  for  the  whole  15-year  period. 
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Fig.  4.  Differential  rotation,  averaged  from  1967  to  1981,  of  the  solar  photosphere,  comparing  the 
Mount  Wilson  Doppler  and  magnetic  results.  The  error  bars  indicate  the  variance  of  the  mean  at  each 
latitude  for  which  it  is  determined.  For  comparison,  the  dashed  line  depicts  the  results  of  Newton  and 
Nunn  (1951). 


latitude-independent  difference  of  about 
1.5%  (25  m  s"1  near  the  equator).  The 
magnetic  results  are,  on  an  absolute  level, 
less  noisy  than  the  Doppler,  and  there  is 
no  correlation  in  the  noise  for  adjacent 
latitudes.  The  noise  in  the  Doppler  re- 
sults, on  the  other  hand,  is  strongly  cor- 
related for  adjacent  latitudes.  The  shear 
results,  where  the  absolute  noise  cancels 
out,  are  better.  The  random  noise  in  the 
magnetic  results  is  probably  too  great  to 
permit  a  study  of  torsional  oscillation, 
although  this  is  currently  being  investi- 
gated. Also  under  study  is  the  depend- 
ence of  rate  on  field  strength;  so  far  no 
tendency  has  been  identified,  except  that 


the  noise  decreases  as  the  fields  become 
stronger. 

The  results  of  this  project  are  probably 
the  most  accurate  overall  determination 
of  solar  rotation  to  date,  with  variance 
of  mean  values  ranging  from  0.1%  (~2 
m  s_1)  near  the  equator  to  2%  (  —  10  m 
s  " 1)  at  latitudes  of  ±  70°.  In  determining 
rotation  by  correlating  magnetic  fields, 
we  are  freed  from  almost  all  the  prob- 
lems that  plague  the  Doppler  method.  A 
new,  though  less  fierce,  set  of  problems 
arises,  however:  In  the  binning  of  data, 
the  spherical  Sun  is  mapped  onto  a  square 
array,  and  even  though  it  is  reinterpo- 
lated  before  being  correlated,  a  "flow" 
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error  is  introduced  which  tends  artifi- 
cially to  lower  the  result.  Systematic  and 
random  errors  also  arise  owing  to  the 
finite  domain  used  for  cross-correlation. 
These  errors  would  be  reduced  by  a  finer 
binning  of  the  data,  but  if  the  change  and 
drift  of  the  fields  themselves  are  the  pri- 
mary source  of  random  noise  in  our  re- 
sults, a  finer  binning  would  be  to  no  avail. 


Variations  in  the  Solar 
Irradiance 

David  H.  Bnining 

Measurements  of  the  Sun's  luminous 
output  are  important,  since  the  emer- 
gent radiation  indirectly  tells  us  about 
the  processes  of  energy  generation  and 
transport  in  the  solar  interior.  Also,  the 
amount  of  radiation  received  by  the  Earth 
regulates  the  weather,  so  that  under- 
standing of  the  solar  irradiance  and  its 
possible  variation  is  necessary  for  global 
climate  prediction.  Recently,  the  Earth 
Resource  Budget  experiment  (ERB)  on 
the  Nimbus-7  satellite  (Hickey,  Stowe, 
Jacobowitz,  Pellegrino,  Maschhoff, 
House,  and  Vonder  Haar,  Science,  208, 
281,  1980)  and  the  Active  Cavity  Radi- 
ometer Irradiance  Monitor  experiment 
(ACRIM)  on  the  Solar  Maximum  Mission 
satellite  (Willson,  Gulkis,  Janssen,  Hud- 
son, and  Chapman,  Science,  211,  700, 
1981)  have  observed  the  Sun's  total  ir- 
radiance and  found  that  the  luminous 
output  of  the  Sun  is  variable  over  time 
scales  of  days.  Analysis  of  these  data  by 
Willson  et  al.,  op.  cit.,  showed  that  these 
irradiance  variations  were  related  to  the 
passage  of  sunspots  over  the  surface  of 
the  Sun  as  the  Sun  rotated  on  its  axis 
(see  Figs.  5  and  6). 

Studies  of  the  satellite  data  are  limited 
to  the  analysis  of  the  total  irradiance  var- 
iation. More  detailed  analysis  of  the  ir- 
radiance variations  and  their  causes 
requires  supplemental  observations  from 
other  instruments.  To  demonstrate  that 
irradiance  variations  can  be  studied  via 
ground-based  telescopes,  Bruning  and 
LaBonte  have  used  daily  intensity  ob- 


servations obtained  at  the  150-foot  solar 
tower  telescope  at  Mount  Wilson. 

From  the  observations  made  at  Mount 
Wilson,  one  can  derive  the  individual 
contributions  to  the  irradiance  due  to 
sunspots  and  faculae.  These  contribu- 
tions, plotted  as  a  function  of  time,  are 
shown  in  Fig.  7.  Since  the  observations 
are  made  in  the  wings  of  a  neutral  iron 
line  (5250.2  A),  it  is  not  obvious  that  the 
simple  addition  of  the  sunspot  and  facular 
irradiance  contributions  would  accord  with 
bolometric  measures  of  the  irradiance 
(such  as  the  ACRIM  data).  For  this  rea- 
son, the  sunspot  and  facular  observed 
contributions  are  fitted  to  the  ACRIM 
data  for  the  same  period  to  obtain  trans- 
formation coefficients  from  the  mono- 
chromatic Mount  Wilson  data  to  the 
bolometric  scale.  The  transformation  is 
given  by 

F  =  1368.26  +  0.00594  x  P  +  0.0162  x  N 
(in  Wnr2), 

where  P  is  the  facular  contribution  and 
N  is  the  sunspot  contribution.  Plotted  in 
Fig.  8  are  the  Mount  Wilson  data  trans- 
formed as  described  above,  with  the  AC- 
RIM data  for  comparison.  The  agreement 
between  the  two  data  sets  is  extremely 
good  and  indicates  that  the  Mount  Wilson 
data  can  be  used  as  an  indicator  of  solar 
irradiance  variations. 

The  Mount  Wilson  data  also  can  be  used 
to  determine  the  relative  roles  of  the  sun- 
spots  and  the  faculae  in  producing  the 
irradiance  variations.  In  Fig.  7,  one  can 
see  that  the  facular  contribution  is  nearly 
a  constant,  producing  little  or  no  short- 
term  variation.  The  faculae  do  appear  to 
contribute  to  long-term  (greater  than 
several  months)  variations  of  the  irra- 
diance and  may  be  responsible  for  the 
long-term  downward  trend  seen  in  the 
ACRIM  data.  This  long-term  trend  in 
the  facular  data  is  still  being  analyzed. 
On  the  other  hand,  the  sunspots  appear 
to  contribute  greatly  to  the  short-term 
irradiance  variations,  although  in  several 
instances  it  is  suggestive  that  sunspots 
alone  were  not  the  sole  contributors  to 
the  irradiance  variation  and  that  global 
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variations  of  the  Sun's  luminous  output 
took  place. 

Attempts  to  predict  the  irradiance 
variations  by  Hudson,  Silva,  Woodard, 
and  Willson  (Solar  Physics,  76,  211,  1982) 
and  others  met  with  only  limited  success 
in  predicting  the  amplitudes  of  the  ir- 
radiance events,  although  the  times  of 
the  events  were  predicted  quite  well. 
These  models  used  in  general  the  area 
and  position  of  the  sunspots  and  assumed 
that  every  sunspot  has  the  same  umbra- 
to-penumbra  area  ratio  and  temperature 
ratio.  Some  models  include  the  facular 
contribution,  as  well,  to  account  for  the 


long-term  irradiance  variation.  The  as- 
sumptions made  about  the  sunspot  char- 
acteristics are  known  to  be  crude,  since 
sunspots  exhibit  a  wide  range  of  con- 
trasts and  umbra-to-penumbra  area  ra- 
tios. When  values  for  the  "total  sunspot 
contrast"  (i.e.,  the  combination  of  the 
umbra-to-penumbra  area  ratio  and  the 
temperature  ratio)  taken  from  the  Mount 
Wilson  observations  are  used  instead  of 
the  assumed  values  in  the  sunspot  mod- 
els above,  much  greater  agreement  be- 
tween the  predicted  values  of  the 
irradiance  and  the  ACRIM  data  is 
achieved  (Fig.  8).  Although  the  predic- 


Fig.  5.  A  white-light  photograph  of  the  Sun  for  11  November  1980.  Visible  are  the  dark  sunspots, 
the  bright  faculae  most  plainly  seen  near  the  limb  of  the  Sun,  and  the  rice-grain  pattern  of  the  solar 
granulation. 
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tive  capability  of  the  sunspot  models  can 
therefore  be  improved,  it  is  not  now  clear 
how  to  do  so  in  practice,  short  of  mea- 
suring the  contrast  for  each  spot  on  the 
Sun  individually. 

This  work  continues.  We  are  just  now 
learning  about  how  and  why  the  Sun's 
output  varies.  Present  efforts  are  di- 
rected toward  understanding  the  impor- 


tance of  global  scale  variations  and  how 
these  variations  take  place.  There  are 
indications  that  the  Sun  does  vary  on  a 
global  scale,  as  demonstrated  by  varia- 
tions in  the  solar  limb  darkening  as  ob- 
served by  Rosen,  Foukal,  Kurucz,  and 
Pierce  [(Astrophys.  J.  (Lett),  253,  L89, 
(1982)]  and  at  Mount  Wilson.  More  effort 
is  needed  to  improve  sunspot  models  to- 
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Fig.  6.  The  intensity  map  of  the  Sun  for  11  November  1980,  as  obtained  for  the  Mount  Wilson  solar 
irradiance  study.  Comparison  of  this  intensity  map  with  the  white-light  photograph  in  Fig.  5  reveals 
that  the  faculae  are  more  visible  near  disk  center  in  the  intensity  map  than  in  white  light. 
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Fig.  7.  Positive  flux  (facular  contribution)  and 
negative  flux  (sunspot  contribution),  plotted  for  the 
year  1980.  The  positive  flux  does  not  show  large 
features,  as  does  the  negative  flux,  implying  that 
the  sunspots  are  responsible  for  most  of  the  solar 
irradiance  variations. 


ward  predicting  irradiance  variations,  and 
further  observations  of  the  solar  faculae 
are  needed  to  understand  their  role  in 
the  long-term  variation  of  the  solar  out- 
put. 
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Fig.  8.  The  ACRIM  data  and  the  Mount  Wilson 
data  transformed  to  bolometric  units  are  plotted 
for  the  year  1980.  Good  agreement  is  found  be- 
tween the  data  sets,  demonstrating  that  ground- 
based  instruments  can  observe  irradiance  varia- 
tions to  high  accuracy. 


SOLAR   SYSTEM  STUDIES 


The  Jovian  Sulfur  Nebula 

John  Trauger* 

Earlier  Fabry-Perot  spectroscopic 
studies  of  the  Jovian  magnetospheric 
emissions  have  been  supplemented  by  new 
CCD  imaging  observations  at  the  Las 
Campanas  2.5-meter  telescope.  These 
observations,  which  require  strong  re- 
jection of  Jovian  continuum  radiation 
scattered  into  the  field  of  view  by  at- 
mospheric aerosols,  owe  much  of  their 


*Senior  Research  Fellow,  Division  of  Geological 
and  Planetary  Sciences,  California  Institute  of 
Technology,  170-25. 


success  to  the  exceptionally  clear  skies 
of  the  Las  Campanas  site. 

The  presence  of  sulfur  and  oxygen  ions 
in  the  Jovian  magnetosphere,  which  is 
one  observable  consequence  of  the  ex- 
tensive volcanic  activity  on  Io,  provides 
a  valuable  probe  for  ground-based  astro- 
nomical study  of  the  Jovian  magneto- 
sphere.  This  unique  data  set  represents 
the  first  simultaneous  observations  of  both 
S  +  and  S  +  +  emissions,  and  provides 
the  first  opportunity  to  estimate  accu- 
rately the  line  intensities  and  line  ratios 
needed  for  a  detailed  analysis  of  the  ne- 
bula. 

Presented  in  Fig.  9  are  representative 
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Fig.  9. 
in  text). 


Composite  CCD  images  of  Jupiter  and  eastward  extensions  of  the  sulfur  ion  nebula  (discussed 


images  from  a  set  of  over  100  images 
obtained  during  runs  in  May  1981  and 
June  1982.  Shown  are  composite  images 
of  Jupiter  and  eastward  extensions  of  the 
sulfur  ion  nebula,  as  seen  in  [S  III]  emis- 
sion at  9531  A  (upper)  and  in  [S  II]  emis- 
sion at  6731  A  (lower).  The  ions  appear 
within  concentric  toroidal  regions  cen- 
tered upon  and  co-rotating  with  Jupiter. 
These  images  capture  the  nebula  nearly 
edge-on  with  eastern  ansae  at  magnetic 
longitudes  of  160°  and  200°  for  [S  III]  and 
[S  II],  respectively.  The  sulfur  torus  is 
tilted  7°  from  the  rotational  equator  of 
Jupiter  (as  evident  from  comparison  with 


the  atmospheric  band  structure  across 
the  Jovian  disk)  owing  to  the  large  tilt 
of  the  Jovian  magnetic  dipole. 

There  are  striking  contrasts  between 
the  spatial  distributions  in  [S  III]  and  [S 
II]  emissions.  [S  III]  appears  in  a  rela- 
tively diffuse  region  centered  near  the 
orbit  of  Io,  5.92  Jovian  radii  (Rj)  distant 
from  Jupiter.  The  north-south  extent  of 
the  emission  suggests  the  presence  of 
S  +  +  ions  with  temperatures  up  to 
600,000  K.  The  [S  II]  emissions  indicate 
that  S  +  ions  are  distributed  into  two 
main  components:  a  relatively  cool 
(20,000  K),  flat  torus  approximately  5  Rj 
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distant  from  Jupiter,  and  a  much  hotter 
(400,000  K)  concentric  torus  with  a  thin, 
ribbon-like  structure  extending  north- 
south  along  Jovian  magnetic  field  lines 
near  6  Rj.  The  orbit  of  Io  lies  just  outside 
the  bright,  ribbon-like  [S  II]  feature.  Io 
itself  is  not  present  within  the  field  of 
view. 

Plasma  parameters  inferred  from  these 
observations  suggest  that  ions  evolve  in 
the  following  sequence:  (1)  atoms  are 
sputtered  (sporadically)  from  either  the 
surface  or  the  tenuous  atmosphere  of  Io 


by  heavy  ions  trapped  in  the  co-rotating 
Jovian  magnetosphere,  and  (2)  sulfur  ions 
cool  rapidly  to  600,000  K  after  being  swept 
into  co-rotation  with  the  magnetosphere 
in  the  vicinity  of  Io's  orbit,  followed  by 
(3)  a  much  slower  cooling  coupled  with 
S  +  +  recombination  to  S  +  and  inward 
diffusion  on  a  time  scale  of  months.  The 
details  of  ion  production  at  6  Rf  and  the 
eventual  demise  of  magnetospheric  ions 
are  not  yet  subject  to  observational  con- 
straints. 


STELLAR  PHYSICS 


Infrared  Observations  of 
Supernovae 

S.  E.  Persson 

Observations  of  the  light  curves  of  type 
I  supernovae  (SN  I)  may  ultimately  yield 
the  most  reliable  value  for  the  Hubble 
parameter  H0.  This  is  because  at  maxi- 
mum light,  SN  I  are  exceedingly  lumi- 
nous and  can  be  observed  at  distances 
large  enough  that  their  recession  veloc- 
ities are  almost  completely  free  of  any 
local  perturbations  to  the  general  expan- 
sion. As  discussed  elsewhere  in  this  Re- 
port by  Sandage,  p.  656,  in  order  actually 
to  use  the  light  curves  of  SN  I  to  obtain 
distances  one  must  first  find  accurate  dis- 
tances to  a  few  nearby  SN  I  examples  in 
order  to  calibrate  their  absolute  lumi- 
nosities, and  one  must  measure  the  dis- 
persion in  the  standard-candle  luminosity 
as  a  means  of  evaluating  critically  the 
usefulness  of  SN  I  as  "standard  candles." 
The  latter  task  is  difficult  for  several  rea- 
sons. First,  the  evolutionary  status  of 
the  precursor  stars  is  uncertain.  SN  I 
occur  in  both  elliptical  and  spiral  galax- 
ies, and  it  is  possible,  in  the  spirals  at 
least,  that  stars  covering  a  range  of  age 
give  rise  to  SN  I.  Although  by  no  means 
certain,  this  could  produce  variations  in 
the  maximum  light  output,  and  indeed 
the  observation  that  the  light  curves  of 
SN  I  in  spirals  have  a  statistically  dif- 
ferent distribution  of  decay  rates  from 


those  in  E  galaxies  may  be  related  to  this 
possibility.  These  findings  and  their 
interpretation  are  controversial,  but,  if 
true,  then  other  parameters  (such  as  the 
decay  rate)  will  enter  the  luminosity  cal- 
ibration and  hence  seriously  weaken  it. 
Second,  interstellar  extinction  both  in  our 
Galaxy  and,  more  importantly,  in  the  host 
spiral  galaxy  is  in  general  unknown  but 
demonstrably  important.  By  a  well-known 
law  enunciated  by  Murphy,  SN  I  are  much 
more  common  in  spirals,  where  there  are 
probably  complications,  than  in  ellipti- 
cals, where  the  situation  is  surely  more 
simple. 

For  these  reasons  it  would  be  useful 
to  have  high-precision  near-infrared  light 
curves  of  SN  I.  A  large  proportion  of  the 
total  energy  comes  out  in  the  near-in- 
frared, especially  in  the  later,  cooler 
phases.  Furthermore,  the  interstellar 
extinction  is  smaller  by  a  factor  of  order 
ten  in  the  near-infrared  than  it  is  in  the 
visual.  Within  the  space  of  a  few  weeks 
early  in  1981,  two  SN  I  went  off  in  the 
same  E  galaxy,  Fornax  A  =  NGC  1316, 
and  another  went  off  in  the  spiral  galaxy 
NGC  4536  in  the  Virgo  cluster.  Jay  A. 
Frogel  and  Jonathan  H.  Elias  (Cerro  To- 
lolo  Inter- American  Observatory),  John 
A.  Hack  well  (University  of  Wyoming), 
and  the  author  obtained  detailed  infrared 
light  curves  of  all  three  objects,  using 
telescopes  at  CTIO  and  Las  Campanas. 
Figure  10  (upper  plot)  shows  the  super- 
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Fig.  10.  (Above)  Combined  infrared  light 
curves  of  type  I  supernovae.  Error  bars  smaller 
than  ±  0. 10  mag  have  been  omitted  for  clarity.  The 
SN  I  magnitudes  for  NGC  4536  have  been  shifted 
by  ±0.4  mag.  (Below)  Evolution  of  the  J  -  H 
color  of  the  three  SN  I. 

posed  light  curves  at  1.25  |xm  (J  filter) 
of  all  three  SN  I.  In  order  to  superpose 
the  curves,  one  must  shift  the  time  axis 
to  the  same  starting  point,  and  also  shift 
the  intensity  axis  to  account  for  the  dif- 
ferences in  distance.  For  the  two  SN  I 
in  NGC  1316,  no  shift  was  applied  to  the 
intensity  axis. 

Two  important  results  are  apparent 
from  Fig.  10  (upper).  First,  the  light 
curves  superpose  remarkably  well  at  all 
phases;  the  dispersion  lies  within  the  ob- 
servational errors  of  —0.04  mag.  Second, 
there  is  a  "double  maximum"  at  1.25  |xm. 
At  visual  wavelengths,  no  such  behavior 
has  ever  been  seen — blue  and  visual  light 
curves  are  characterized  by  a  single  sharp 
maximum  of  —20  days  duration. 

The  energy  distributions  of  the  three 
SN  I  are  also  remarkably  similar.  Figure 
10  (lower  plot)  shows  the  evolution  of  the 


J-H  color  (1.25-1.65  |xm),  which  is  a 
measure  of  the  shape  of  the  energy  dis- 
tribution. Again,  agreement  between  the 
three  objects  is  impressive.  The  other 
available  color,  H-K,  behaves  simi- 
larly. 

Thus,  the  agreement  in  every  mea- 
surable detail  of  the  infrared  light  curves 
gives  strong  evidence  that  the  physical 
mechanisms  operating  in  the  expanding 
supernova  atmospheres  to  produce  the 
light  and  color  variations  were  sensibly 
the  same  in  all  three  objects.  Further 
tests  of  the  stability  of  the  infrared 
brightness  and  color  curves  await  future 
observations  of  SN  I,  of  course;  those 
obtained  for  SN  I  in  spiral  galaxies  will 
be  most  important  since  they  are  so  much 
more  common.  If  the  results  follow  those 
presented  here,  we  will  have  a  powerful 
method  for  obtaining  distances  to  gal- 
axies out  to  —50  Mpc. 


Update  on  Stellar  Activity 
Cycles  and  Rotation 

Arthur  H.  Vaughcm  and  Douglas  K.  Duncan 

Synoptic  measurements  of  stellar  Ca  II 
H  and  K  emission  fluxes  have  continued 
throughout  1981-1982  at  the  Mount  Wil- 
son 1.5-meter  (60-inch)  telescope,  ex- 
tending an  investigation  in  which 
significant  advances  were  reported  (Year 
Book  80,  p.  599).  A  number  of  extremely 
interesting  results  have  emerged  (and 
perhaps  an  equal  number  of  new  ques- 
tions) bearing  upon  the  rotation  rates  of 
stars  on  the  lower  main  sequence,  and 
upon  the  rotation-activity  connection.  The 
data  also  bear  to  some  extent  upon  the 
detailed  surface  properties  of  stars  ex- 
hibiting chromospheric  activity. 

A  recent  major  advance  in  the  study 
of  chromospheres  is  in  the  use  of  chro- 
mospheric active  regions  as  rotation 
tracers.  As  analysis  and  new  observa- 
tions have  made  clear,  the  rotational 
modulation  effect  actually  leads  to  two 
methods  for  inferring  the  rate  of  stellar 
rotation.  In  the  first,  the  rotational  pe- 
riod is  inferred  directly  from  the  time 
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variation  of  the  HK  flux.  A  large  fraction 
of  the  stars  studied  must  have  rather 
asymmetrical  plage  distributions;  a  ro- 
tational signature  is  sometimes  visible  by 
inspection  and,  often,  by  autocorrelation 
analysis. 

The  second  method  employs  a  relation 
between  the  rotation  period  and  the  mean 
level  of  HK  flux  and  B  -  V  color  of  a  star. 
The  relation  is  calibrated  using  stars 
whose  rotation  periods  were  derived  from 
the  first  method,  and  it  has  the  great 
advantage  of  not  requiring  a  series  of  HK 
measurements  over  prolonged  time  to 
derive  a  rotation  period.  Robert  W.  Noyes 
(Harvard-Smithsonian  Center  for  Astro- 
physics) and  Vaughan  independently  have 
demonstrated  that  this  method  provides 
a  remarkably  good  prediction  (illustrated 
in  Fig.  11)  for  those  cases  where  the  rate 
of  rotation  is  known  by  autocorrelation 
analysis.  Thus,  it  is  likely  to  be  applicable 
to  all  lower-main-sequence  stars  for  which 
HK  indices  have  been  measured.  This 
possibility  opens  up  for  study  a  large 
number  of  questions  relating  to  the  chro- 
mospheric  phenomena  and  the  age-mass 
dependence  of  rotation  itself. 

In  another  development  (as  reported 
by  Noyes  in  a  colloquium,  Stellar  Rota- 
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Fig.  11.  Periods  of  stellar  rotation  inferred  from 
autocorrelation  analysis  of  HK  flux  variations  com- 
pared with  rotation  periods  predicted  from  the  ac- 
tivity-rotation relation.  Open  circles  are  lower- 
branch  (less-active)  stars. 


tion  and  Magnetic  Activity,  organized  by 
Leo  Goldberg  and  held,  under  sponsor- 
ship of  University  College  London,  at 
Windsor  in  August  1981),  it  appears  that 
in  the  star  HD  149661,  the  rotational  sig- 
nature suggests  the  simultaneous  exis- 
tence of  two  slightly  differing  time  scales, 
resulting  in  a  "beat"  or  difference  period 
of  about  100  days  (see  Fig.  12).  A  pos- 
sible interpretation  of  this  effect  is  that 
two  persistent  complexes  of  activity  may 
exist  on  the  star  simultaneously  but  at 
different  latitudes.  In  the  presence  of  dif- 
ferential rotation,  the  two  complexes 
would  move  relative  to  each  other,  being 
sometimes  at  the  same  longitude  (thus 
producing  large  modulation)  and,  at  other 
times,  at  opposite  longitudes  (hence  pro- 
ducing little  modulation).  If  the  sug- 
gested interpretation  proves  correct,  the 
differential  rotation  would  have  signifi- 
cantly greater  amplitude  than  it  has  in 
the  Sun. 

The  study  of  long-term  chromospheric 
variations,  which  are  in  many  cases  anal- 
ogous to  the  solar  cycle,  has  now  been 
extended  over  a  time  base  of  nearly  six- 
teen years,  since  the  program  was  ini- 
tiated by  Olin  C.  Wilson.  Two  interesting 
examples  of  stars  that  exhibit  highly  pro- 
nounced cycles  are  illustrated  in  Fig.  13. 
Parts  of  three  successive  activity  max- 
ima have  now  been  seen  in  these  stars. 
Also,  the  characteristic  time  scale  exhib- 
ited by  these  examples  (about  seven  years) 
is  consistently  much  shorter  than  the 
typical  eleven-year  solar  cycle.  In  the  ex- 
amples shown,  certain  differences  can  be 
noted  between  one  maximum  and  the 
next,  reminiscent  of  the  irregularity  of 
the  solar  cycle. 

Duncan,  Noyes,  and  Sallie  L.  Baliunas 
(Harvard-Smithsonian  Center  for  Astro- 
physics) are  collaborating  on  an  exten- 
sive program  of  simultaneous  IUE  and 
ground-based  observations  of  active  re- 
gions on  solar-type  dwarfs.  The  Mount 
Wilson  HK  flux  observations  were  used 
to  predict  when  particularly  active  or  in- 
active hemispheres  of  a  number  of  stars 
were  facing  the  Earth.  The  satellite  ob- 
servers were  then  told  which  stars  were 
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JULIAN   DAY  -2,444,000 
Fig.  12.     HK  flux  of  HD  149661  during  parts  of  three  years.  Note  the  apparent  "beat"  phenomenon. 
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Fig.  13.     Long-term  cycles  of  HD  201091  and  HD  160346. 


"high"  and  which  ones  "low,"  and  thus  it 
was  possible  to  secure  active-state  and 
inactive-state  IUE  spectra  of  several 
stars.  Differencing  and  analyzing  such 
pairs  of  spectra  are  in  progress  in  order 
to  model  the  chromospheric  active  re- 
gions themselves. 

The  HK  spectrometer  (also  called  the 
HK  photometer)  was  improved  with  the 
installation  of  a  remote  display  whereby 
the  observer/telescope  operator  can  in- 
troduce precise  wavelength  adjustments 
from  the  data-system  console.  In  prep- 
aration for  studies  of  Hyades  and  Pleiades 
stars  which  will  begin  in  fall  1982,  the 
HK  spectrometer  is  being  modified  with 
installations  of  a  new  chopper  wheel, 


which  passes  light  from  the  H  and  K  lines 
simultaneously  rather  than  sequentially 
(thus  gaining  a  factor  of  two  in  through- 
put), high  efficiency  coatings  on  mirrors 
and  lenses,  and  a  new  photomultiplier 
tube.  Also,  dual  exit  slots  are  being  in- 
stalled that  will  allow  either  1-  or  2-A 
bandpass  observations  of  the  H  and  K 
lines.  The  wider  bandpass  will  be  partic- 
ularly useful  for  observations  of  giants. 
Duncan  joined  the  "HK  Project"  group 
as  Research  Associate  under  NSF  sup- 
port in  April  1982.  Anthony  Misch  joined 
the  project  in  March  1982  under  support 
provided  by  the  Smithsonian  Astrophys- 
ical  Observatory  (of  the  Harvard-Smith- 
sonian Center  for  Astrophysics).  Most  of 
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the  observations  during  the  past  year  have 
been  made  by  the  local  group:  Duncan, 
James  Frazer,  Howard  Lanning,  Misch, 
and  Laura  Woodard.  Visiting  observers 
included  Baliunas  and  Dimitri  Mihalas 
(Sacramento  Peak  Observatory  and  High 


Altitude  Observatory). 

We  are  grateful  for  support  for  this 
program  from  the  National  Science 
Foundation,  under  NSF  grant  AST-81- 
21726. 


ASTROMETRY 


Astrometry:  Applications  Old  and 

New 

David  G.  Monet 

Astrometry  is  the  precision  measure- 
ment of  stellar  positions.  The  purpose  of 
astrometry  is  to  produce  fundamental  data 
for  two  areas  of  research.  First,  the  ap- 
parent motion  seen  in  the  position  of  a 
nearby  star  owing  to  the  motion  of  the 
Earth  about  the  Sun  can  be  used  to  de- 
termine trigonometrically  the  star's  dis- 
tance. Second,  observations  taken  at 
widely  separated  epochs  can  be  com- 
bined to  measure  a  star's  proper  motion. 
This  is  a  powerful  tool  for  the  study  of 
Galactic  structure  and  dynamics.  The  fol- 
lowing projects  are  being  actively  pur- 
sued by  Monet. 

A  program  has  been  started  to  mea- 
sure the  proper  motions  of  a  large  sample 
of  stars  seen  in  directions  of  interest  in 
the  study  of  Galactic  dynamics.  The  Ob- 
servatories' unexcelled  collection  of  early- 
epoch  plate  material  makes  such  an  in- 
vestigation possible.  Current-epoch  plates 
are  being  taken  with  the  Hale  and  du 
Pont  telescopes.  Although  their  astro- 
metric  accuracy  is  only  moderate,  pho- 
tographic emulsions  are  ideal  for  this  kind 
of  project  because  of  their  large  number 
of  detectors  (pixels).  As  the  objects  with 
interesting  motions  are  not  known  in  ad- 
vance, a  large  area  of  sky  must  be  stud- 
ied. The  current  program  concentrates 
on  selected  areas  at  Galactic  longitudes 
0,  90,  180,  and  270  degrees.  One  of  the 
primary  goals  of  the  investigation  is  to 
determine  the  Galactic  escape  velocity  in 
the  vicinity  of  the  Sun.  This  is  a  measure 
of  the  mass  distribution  of  the  Galaxy 
and  can  be  measured  by  proper-motion 


surveys  in  the  Galactic  plane,  near  lon- 
gitudes 0°  and  180°.  Much  of  this  pro- 
gram is  being  done  in  collaboration  with 
Sandage. 

A  parallax  program  started  at  Kitt  Peak 
National  Observatory  two  years  ago  con- 
tinues using  the  KPNO  4-meter  Mayall 
telescope.  The  goal  is  to  measure  the  par- 
allaxes of  intrinsically  faint  nearby  stars 
and  thereby  learn  about  the  faint  end  of 
the  normal  and  degenerate  star  luminos- 
ity functions.  A  CCD  detector  is  used, 
as  the  program  stars  were  found  in  pre- 
vious proper-motion  surveys,  primarily 
by  Luyten.  Because  of  the  extreme  sen- 
sitivity and  low  noise  of  these  detectors, 
accuracies  approaching  0.001  arc  seconds 
should  be  attainable.  The  current  anal- 
ysis does  not  attain  this  figure  of  merit, 
primarily  owing  to  errors  arising  from 
the  relatively  poor  image  quality  of  the 
KPNO  4-m  primary  mirror  during  the 
first  year  of  the  program.  Adequate  ob- 
serving time  to  maintain  the  program  is 
being  granted,  and  it  is  hoped  that  pre- 
liminary parallaxes  will  be  published  next 
year. 

Studies  of  the  astrometric  properties 
of  the  CCD  detectors  for  use  in  the  Space 
Telescope  Wide  Field/Planetary  Camera 
have  been  done,  and  more  are  contem- 
plated. In  this  work,  the  author  is  col- 
laborating with  Westphal  and  Lynds  of 
the  Wide  Field/Planetary  Camera  (WF/ 
PC)  team  and  with  Abies  and  Dahn  of 
the  U.S.  Naval  Observatory  (Flagstaff, 
Arizona).  Astrometry  is  important  in 
Space  Telescope  programs,  primarily 
owing  to  the  general  interest  in  the  de- 
tection of  planetary  bodies  in  orbit  around 
nearby  stars.  As  this  type  of  program 
requires  the  utmost  in  long-term  accu- 
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racy  and  instrumental  stability,  a  great 
deal  of  work  must  be  done  before  launch. 
The  tests  done  in  Spring  1982  indicate 
that  single  observations  yield  image  cen- 
ters with  an  accuracy  of  about  1  |jim.  Re- 
peated observations  reduce  this  number 
well  below  the  target  figure  of  0.3  (xm. 
Such  fine  accuracy  should  allow  detection 
of  planets  of  mass  comparable  to  that  of 
Jupiter  at  distances  of  typical  nearby 
stars. 

A  result  of  both  the  KPNO  parallax 
program  and  preliminary  evaluation  of 
the  observing  list  for  Space  Telescope 
astrometry  is  that  essentially  nothing  is 
known  about  the  fainter  stars  that  can 
now  be  observed  with  modern  detectors! 


The  deepest  surveys  only  go  to  about 
18th  magnitude  because  of  the  limits  of 
the  National  Geographic/Palomar  Sky 
Survey.  We  need  surveys  of  fainter  stars, 
with  much  greater  sensitivity  to  inher- 
ently red  objects.  The  search  must  be 
reasonably  complete  if  it  is  to  be  of  gen- 
eral use.  Current-epoch  plate  material  is 
available  on  selected  fields  of  the  Palo- 
mar  Infrared  Sky  Survey.  Efforts  are 
under  way  to  evaluate  efficient,  low-cost 
methods  of  finding  positions  and  colors 
for  the  large  numbers  of  stars  seen  on 
such  plates.  Such  highly  automated  search 
and  evaluation  techniques  will  yield  use- 
ful data  for  a  variety  of  scientific  pro- 
grams. 


THE   INTERSTELLAR   MEDIUM 


Interstellar  Chemistry 

S.  E.  Persson 

Various  kinds  of  astronomical  sources 
have  recently  been  found  to  display  strong 
emission  features  at  wavelengths  be- 
tween 2  and  10  jxm.  These  features  stand 
out  clearly  against  an  infrared  contin- 
uum, which  is  thought  to  be  thermal  ra- 
diation produced  by  warm  dust  grains 
closely  associated  with  the  sources.  The 
emission  features  are  too  wide  to  be  due 
to  single  emission  lines,  but  rather  are 
believed  to  arise  from  the  radiative  decay 
of  vibrational  modes  of  molecules  frozen 
in,  or  bound  to,  the  surfaces  of  the  grains. 
The  grains  absorb  energy  (probably  in 
the  form  of  ultraviolet  light  from  the  cen- 
tral energy  source  in  each  object)  and 
transfer  it  to  vibrational  excitation  of  the 
frozen  molecules,  which  then  radiate.  The 
details  of  these  mechanisms  are  not  un- 
derstood at  present;  nor  in  fact  are  we 
certain  of  the  identifications  of  the  mol- 
ecules responsible.  Solutions  to  these 
problems  should  lead  to  better  under- 
standing of  the  composition  of  interstel- 
lar dust  grains,  and  perhaps  to  more 
information  on  the  physical  conditions 
close  to  recently  formed  stars. 


Among  the  many  planetary  nebulae, 
pre-main-sequence  stars,  H  II  regions, 
active  galaxy  nuclei,  etc.,  that  display 
strong  infrared  continua  and  emission 
features,  is  one  apparently  unique  ob- 
ject. HD  97048  is  a  pre-main-sequence 
star  lying  in  a  reflection  nebula  near  the 
surface  of  the  Chamaeleon  dark  cloud. 
Blades  and  Whittet  (Mo?i.  Not.  Roy.  As- 
tron.  Soc,  191,  701,  1980)  found  that  the 
star  emits  a  strong  feature  near  3.5  jxm; 
so  far,  this  particular  feature  has  not  been 
seen  in  any  other  source.  In  an  attempt 
to  identify  the  species  responsible  for  the 
3.5-|xm  feature,  we  obtained  high-reso- 
lution spectra  of  HD  97048,  using  the 
Persson-Geballe  cold-grating  spectro- 
meter on  the  du  Pont  telescope.  Figure 
14  shows  the  result  of  our  observations 
made  in  April  1981;  a  spectrum  obtained 
in  May  1982  is  virtually  identical. 

Blades  and  Whittet  suggested  that  the 
3.5-|xm  feature  could  be  due  to  solid  for- 
maldehyde (H2CO)  on  the  basis  of  the 
approximate  wavelength  coincidence  of 
the  HD  97048  feature  with  that  of  the 
stretching  modes  of  the  C-H  molecular 
bond.  Figure  15  shows  a  laboratory  spec- 
trum of  H2CO  obtained  by  Raman  spec- 
troscopy of  mixtures  of  monomeric  and 
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Fig.  14.  The  3.37-3.64  |xm  spectrum  of  HD  97048 
as  observed  with  a  spectral  resolution  AX  of  0.0078 
|xm.  The  ordinate  is  proportional  to  intensity  after 
ratioing  to  a  nearby  star  (to  remove  atmospheric 
absorption  features).  The  peaks  at  3.53  and  3.43 
|xm  are  probably  due  to  the  vj  (symmetric)  and  v2 
(antisymmetric)  stretching  modes  of  the  C-H  bond 
in  H2CO. 


dimeric  formaldehyde  embedded  in  mat- 
rices of  solid  argon  and  nitrogen  at  22  K 
(Khoshkhoo  and  Nixon,  Spectrochim. 
Acta,  29A,  603,  1973).  The  agreement  in 
overall  band  structure  between  the  lab- 
oratory and  astronomical  spectra  is  quite 
convincing,  and  it  seems  almost  certain 
that  interstellar  solid  formaldehyde  has 
been  detected.  Slight  differences  in  cen- 
tral frequency  and  spacing  of  the  two 
peaks  between  the  laboratory  and  astro- 
nomical spectra  can  be  attributed  (qual- 
itatively) to  interactions  of  the  H2CO 
molecules  with  adjacent  molecules  and 
with  the  host  grain  material.  An  addi- 
tional constraint  on  the  molecular  struc- 
ture is  that  the  H2CO  molecules  are  not 
polymerized  (formed  into  long  chains)  be- 


cause the  different  chemical  bonding 
structure  of  "polyformaldehyde"  should 
give  rise  to  strong  emission  bands  near 
10  |xm;  such  bands  are  not  seen  in  HD 
97048. 

We  conclude  therefore  that  some  frac- 
tion of  the  grains  surrounding  HD  97048 
are  coated  with  an  amorphous  conglom- 
erate of  formaldehyde  molecules  which 
condensed  out  of  the  protostellar  molec- 
ular cloud,  probably  long  before  the  star 
was  formed.  Radio  astronomical  obser- 
vations have  shown  that  gaseous  for- 
maldehyde is,  in  fact,  quite  common  in 
such  clouds.  Because  HD  97048  is  un- 
remarkable in  other  ways,  but  unique  in 
this  one  respect,  it  is  tempting  to  spec- 
ulate that  we  are  seeing  a  transient  event 
in  pre-main-sequence  stellar  evolution. 
For  some  small  fraction  of  this  evolution, 
the  geometry  of  the  dust  and  central 
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Fig.  15.  Raman  spectra  of  H2CO  in  solid  argon 
(top  figure)  and  nitrogen  (lower  figure)  recorded  at 
22  K,  reprinted  from  Khoshkhoo  and  Nixon  (1973). 
Features  due  to  monomeric  and  dimeric  H2CO  are 
indicated  by  M  and  D,  respectively. 
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source  and  the  overall  physical  condi- 
tions are  such  that  H2CO  is  excited  with- 
out being  photodissociated.  Further 
examples  will  surely  be  found,  and  it  is 
hoped  that  the  phenomenon  can  be  stud- 
ied and  perhaps  exploited  to  give  infor- 
mation on  the  physical  conditions  during 


transient  phases,  the  composition  of  the 
host  material,  and  the  time  scale  of  the 
deposition  process. 

These  results  will  be  published  in  the 
Astrophysical  Journal  by  F.  Baas,  L. 
Allamandola,  T.  R.  Geballe,  S.  E.  Pers- 
son,  and  J.  H.  Lacy. 


THE   GALAXY 


Program  to  Map  the  Halo 

Allan  Sandage 

Since  the  early  1950's,  when  the  evo- 
lutionary status  and  the  very  old  ages  of 
the  globular  clusters  were  beginning  to 
be  understood,  evidence  has  grown  that 
field  stars  in  the  extended  halo  of  the 
Galaxy  are  like  those  in  the  metal-poor 
globular  clusters.  If  true,  the  halo  would 
be  among  the  first  of  the  Galactic  dynam- 
ical subsystems  to  form,  and  an  under- 
standing of  its  properties  should  tell  much 
about  the  early  history  of  the  formation 
of  the  Galaxy. 

The  earliest  evidence  that  stars  in  the 
distant  halo  are  globular  cluster-like  was 
the  detection  of  RR  Lyrae  variables  at 
great  distances  from  the  plane.  (See  Kin- 
man,  Quart.  J.  Roy.  Astron.  Soc,  13, 
258,  1972  for  a  review  of  early  work  and 
of  the  later  Lick  surveys.)  Study  of  the 
space  density  law  for  these  halo  RR  Lyrae 
variables  showed  them  to  have  a  very 
large  scale  height  of  ~5  kpc,  consistent 
with  the  observed  velocity  dispersion  of 
(tw  —  100  km  s  " *  found  from  their  radial 
velocities  determined  at  Mount  Wilson 
by  Alfred  Joy  in  the  1940's  and  1950's. 
This  scale  height  corresponds  to  a  shal- 
low density  gradient  perpendicular  to  the 
plane  of 

d  log  D(Z)ldZ  -  -0.05  dex  kpc-1, 

i.e.,  one  must  go  20  kpc  into  the  halo  for 
the  space  density  of  RR  Lyrae  stars  to 
decrease  by  a  factor  of  ten  from  its  value 
in  the  plane. 

This  observed  value  of  the  RR  Lyrae 
density  gradient  agrees  with  that  cal- 


culated if  the  halo  density  follows  a  Hub- 
ble intensity  law 

p(R)  *R~n 

known  to  apply  to  the  spheroidal  (bulge) 
components  of  SO,  Sa,  and  Sb  disk  gal- 
axies and  to  all  elliptical  galaxies,  pro- 
vided that  n  —  3,  which  is  Hubble's  value. 
Figure  16a  shows  how  such  a  calculation 
is  carried  out  for  the  gradient  in  the  Gal- 
actic pole  at  the  Sun;  an  approximate  log- 
arithmic gradient  for  the  halo  is  shown 
in  Fig.  16b. 

Although  this  all  makes  sense  relative 
to  the  RR  Lyrae  stars,  contrary  evidence 
exists  that  the  gradient  for  halo  F  and  G 
subdwarf  stars  is  nowhere  near  as  shal- 
low as  the  required  value  of  -0.05.  Ex- 
tensive work  on  halo  mapping  done  at 
Basel,  Switzerland,  over  the  past  twenty 
years  by  W.  Becker  and  his  colleagues 

give  far-field  "halo"  gradients  of 0.2 

to  - — 0.4.  These  results  challenge  the 
notion  that  the  halo  is  composed  of  glob- 
ular cluster-like  stars  distributed  ac- 
cording to  Hubble's  Law. 

One  of  several  projects  to  map  the  halo 
anew,  begun  at  Mount  Wilson  in  1972, 
has  four  goals:  (1)  to  provide  new  evi- 
dence on  the  nature  of  the  halo  stars, 
their  age  and  metallicity  distribution,  (2) 
to  obtain  the  corrections  to  the  Seares 
blue  magnitude  in  the  Mount  Wilson 
Catalogue  of  Photographic  Magnitudes 
in  Selected  Areas  1-139  (Seares,  Kap- 
teyn,  and  van  Rhijn,  Carnegie  Inst.  Wash. 
Pub.  402, 1930),  for  the  ten  Selected  Areas 
in  the  halo  mapping  program,  (3)  to  find 
the  density  gradient  and  the  flattening 
of  the  halo  in  the  €  =  0°  and  i  =  180° 
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Fig.  16.  Illustration  of  the  calculation  of  an  approximation  to  a  logarithmic  density  gradient  perpen- 
dicular to  the  plane  at  the  Sun  using  a  Hubble  law  for  the  halo  density.  If  n  =  3,  the  calculated  d  log 
D(Z)/dZ  =   -  0.05,  which  agrees  with  the  observed  RR  Lyrae  star  value. 


meridional  plane  that  passes  through  the 
Sun  and  the  center  of  the  Galaxy,  per- 
pendicular to  the  Galactic  plane,  and  (4) 
to  determine  if  there  is  a  true  chemical 
gradient  in  the  halo  or  merely  a  gross 
metallicity  difference  between  old-disk 
and  extreme-halo  stars,  each  component 
having  a  constant  (but  different)  metal- 
licity distribution  over  their  respective 
scale  heights. 

The  program  is  an  extension  of  Beck- 
er's earlier  halo  mapping,  as  mentioned, 
which  formed  the  foundation  on  which 
the  present  work  is  based.  Figure  17 
shows  the  ten  Kapteyn  halo  Selected 
Areas  chosen  for  study — seven  in  the 
North  Galactic  Polar  Cap  and  three  in 
the  South. 

The  program  consists  of  (1)  measuring 


photoelectric  standards  to  B  —  18  in  each 
of  the  fields  in  B,  V,  and  R  wavelengths, 
(2)  measuring  B,  V,  and  R  magnitudes 
for  all  stars  to  B  —  22,  from  5-meter  Pal- 
omar  photographic  plates  taken  with  a 
5-magnitude  Pickering/Racine  wedge  over 
a  15  x  15  arc  minute  field,  (3)  forming 
photographic  catalogs  and  CM  diagrams 
from  these  complete  data,  from  which 
density  gradients  and  halo  flattening  for 
the  F  and  G  subdwarfs  should  be  found 
by  restricting  the  data  to  a  color  range 
of  0.36  ss  B  -  V  s£  0.7  and  using  globular 
cluster  CM  diagrams  as  an  absolute  mag- 
nitude calibration,  and  (4)  measuring 
photoelectric  UV  excess  values  to  V  = 
19  for  all  stars  in  the  stated  color  range, 
from  which  the  distribution  of  metallicity 
at  each  height  to  Z  —  6  kpc  can  be  found. 
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Fig.  17.  The  ten  Selected  Areas  in  the  present 
halo-mapping  program  in  the  meridian  plane  of  € 
=  0°  and  t  =  180°.  Many  of  these  are  in  the  original 
Basel  program.  In  addition  to  the  areas  shown, 
SA45  at  €  =  133°,  b  =  -  31°  has  also  been  studied. 


The  way  these  data  can  then  be  used  to 
find  the  nature  of  the  chemical  gradient 
between  disk  and  halo  follows  from  a 
model  discussed  in  Astron.  J. ,  86,  1643, 
1981. 

Progress  to  date  is  as  follows.  (1)  The 
BVR  photoelectric  calibration  in  each  of 
the  ten  fields  is  complete,  from  mea- 
surements made  since  1972  with  the 
Mount  Wilson  2.5-meter  Hooker  reflec- 
tor. (2)  BVR  photographic  iris  photom- 
etry is  nearly  complete  to  B  =  22  over 
the  15-arc  minute  field  of  the  Palomar  5- 
meter  reflector,  and  the  candidate  cata- 
logs exist.  (3)  Stars  in  these  catalogs  and 
in  the  wider  Basel  fields  in  the  F  and  G 
color  range  have  begun  to  be  measured 
in  UBV  for  the  UV  excess  distributions 
with  use  of  a  new  automated  photometer 
on  Mount  Wilson. 

The  corrections  to  the  Seares  magni- 
tude scales  in  each  of  the  Selected  Areas 
begin  near  mpg  —  15  and  become  pro- 
gressively larger  at  fainter  magnitudes, 
but  vary  from  area  to  area.  An  example 
of  the  magnitude  corrections  in  SA45  is 
shown  in  Fig.  18;  at  mpg  (Seares)  =  19 
mag,  the  correction  is  —1.5  magnitudes, 
similar  to  the  corrections  found  by  Steb- 
bins,  Whitford,  and  Johnson  (Astrophys. 
J.,  112,  469,  1950)  in  SA57,  61,  and  68. 
The  same  type  of  corrections  has  been 
found  in  the  ten  Selected  Areas  of  Fig. 
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Fig.  18.  Comparison  of  the  mpg  magnitudes  of 
Seares  in  SA45,  from  the  1930  Mount  Wilson  Cat- 
alogue of  Photographic  Magnitudes  in  Selected 
Areas  1-139,  with  the  B  magnitude  photoelectri- 
cally  calibrated. 


17.  The  largest  is  in  SA82,  where  it 
reaches  —2.5  magnitudes  at  mpg  (Seares) 
=  19. 

Because  the  faint  magnitudes  in  the 
Mount  Wilson  Catalogue  have  provided 
standards  for  a  large  number  of  statis- 
tical investigations  of  Galactic  structure 
in  the  past,  as  well  as  early  standards 
for  photometry  of  individual  stars  in  gal- 
axies by  Hubble  and  by  Baade,  it  is  clear 
that,  owing  to  these  corrections,  some  of 
the  early  results  will  need  modification. 
A  well-known  example  is  Hubble's  (1936) 
estimates  of  the  apparent  magnitudes  of 
the  knots  and  of  the  resolved  stars  in 
nearby  galaxies,  which  are  too  bright, 
generally  by  more  than  2.5  magnitudes. 

The  color-magnitude  diagrams  for  these 
Selected  Areas  have  given  an  important 
clue  to  the  nature  of  the  halo  stars.  Shown 
in  Fig.  19  is  such  a  diagram  for  SA45, 
measured  from  three  plates  each  in  blue 
and  yellow  bandpasses  taken  with  the 
Palomar  5-meter  reflector  using  the  pho- 
toelectric sequence  to  V  -  18  and  ex- 
tended to  V  =  23  with  a  Pickering/Racine 


620 


CARNEGIE    INSTITUTION 


14 


16 


18 


20  - 


— r 

1 

.  •••• 

• 
• 

1 

• 

>         i 

SA45 

- 

- 

•  V 

. 

- 

•  . 

• 

• 

.      •  *■ 

•         • 

•••  t 

•    • 

• .    *. 

• 

•     • 

• 

< 

1. 

• 
*•  *  * 

•  •        • 

•    '   .• 

•  v> 

•     • 

•    *  * 

.«k 

&.  m 

*••".. 

• 

_ 

•                       * 

•!.••»   . 

- 

• 

m 

•  »*»  •  • 

* 

m 

• 

•  •% 

•:i. 

•    •   • 

•   •  • 

- 

•     •  •     ■ 

• 

• 

- 

•       • 

• 

.•v 

/ 

•     %m         * 

• 

•      • 
• 

• 

.  .      # 

'•3^    B-21.8 

•   • 

•  • 

• 

•^^ 

'    ' 

1 

i 

1 

1.0 
B-V 


2.0 


Fig.  19.  The  color-magnitude  diagram  for  Se- 
lected Area  45  from  unpublished  photometry  by 
Sandage  and  Katem. 

wedge.  The  most  striking  feature  is  the 
sharp  blue  edge  to  the  color  distribution 
at  B-V  =  0.36.  All  the  Selected  Areas 
that  we  have  measured  show  the  same 
phenomenon.  This  is  taken  to  mean  that 
stars  at  this  color  edge  are  F  subdwarfs 
at  the  main-sequence  turn-off  point  of  a 
very-metal-poor  globular  cluster,  be- 
cause it  is  known  that  0.36  is  the  bluest 
color  reached  by  such  stars  in  any  main- 
sequence  globular-cluster  sample  (see 
Year  Book  80,  p.  612,  Fig.  11).  This  we 
take  to  be  the  strongest  evidence  that 
the  halo  population  is,  indeed,  globular 
cluster- like. 

When  reliable  CM  diagrams  exist  that 
include  every  star  in  each  of  the  ten  Se- 
lected Areas,  it  will  be  a  straightforward 
matter  to  count  the  number  of  stars  along 
the  blue  edge  of  the  diagrams  (i.e.,  in  the 
interval  0.36  <  B  -  V  ss  0.6)  in  half-mag- 
nitude steps  so  as  to  compute  the  space 
density  at  the  corresponding  heights  into 
the  halo  (see  Year  Book  80,  p.  612,  Fig. 
11)  as  the  calibration  of  absolute  mag- 


nitude. In  this  way,  the  halo  space  den- 
sity and  hence  the  density  gradient  will 
follow  straightaway. 

Other  evidence  that  the  halo  is  com- 
posed of  globular  cluster-like  subdwarfs 
is  shown  in  Fig.20,  which  is  the  two-color 
diagram  for  high-proper-motion  stars  in 
the  first  100  fields  of  the  Lowell  Proper 
Motion  survey.  Most  of  the  stars  have 
high  space  motion  and  hence,  kinemati- 
cally,  most  should  belong  to  the  classical 
population  II,  as  originally  denned  by 
Baade  from  the  high-velocity  stars.  The 
striking  feature  of  this  diagram  again  is 
the  sharp  blue  edge  to  the  main  distri- 
bution at B -V  =  0.36,  U-B  =  -0.20, 
just  as  in  globular  clusters.  (The  small 
sequence  of  bluer  stars  are  white  dwarfs 
that  are  superfluous  to  the  problem.) 

The  stars  in  Fig.  20  are  field  dwarfs  in 
the  solar  neighborhood  that  have  high 
proper  motion.  It  is  known  from  radial 
velocities  of  a  subset  of  these  stars  that 
their  space  motions  are  high  and  become 
progressively  higher,  the  nearer  the  star 
is  to  the  low-metal-abundance  upper-en- 
velope edge  (cf.,  Astrophys.  J.,  158,  1115, 
1969;  Astron.  J.,  86,  1643,  1981).  Many 
of  these  stars  have  high  W  velocities  per- 
pendicular to  the  Galactic  plane  that  will 
carry  them  into  the  halo.  Hence,  these 
are  halo  stars  now  crossing  the  plane  in 
the  solar  neighborhood.  Therefore,  the 
agreement  of  the  blue-color  cut-off  at 
B  -  V  =  0.36  in  Fig.  20  with  the  color  of 
the  bluest  globular  cluster  main-se- 
quence termination  point  is  important.  It 
constitutes  another  piece  of  evidence 
similar  to  that  in  Fig.  19  on  the  nature 
of  the  halo  stars. 

To  extend  the  argument  still  further 
requires  measurement  of  the  distribu- 
tion of  metallicities  at  each  apparent 
magnitude  in  diagrams  like  Fig.  19  (via 
the  distribution  of  UV  excess  values),  so 
as  to  compare  apparent  magnitude  with 
the  known  distribution  of  globular  clus- 
ter metallicities  at  each  height.  Such  ob- 
servations are  in  progress  as  part  of  the 
Mount  Wilson  mapping  program,  using 
the  photoelectric  ultraviolet  excess  as  a 
measure  of  the  metallicity. 
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Fig.  20.  Two-color  plot  of  ~  1700  stars  from  an  unpublished  (Sandage  and  Kowal)  photoelectric  catalog 
of  the  first  100  fields  of  the  Lowell  Proper  Motion  catalog.  The  Hyades  line  is  shown  as  a  solid  fiducial. 
The  few  bluest  stars  are  white  dwarfs.  The  important  point  to  note  is  the  blue  cut-off  to  the  main 
distribution  at  B  -  V  =  0.36. 


Finally,  there  is  a  major  unsolved 
problem  as  to  the  presence  or  absence  of 
a  chemical  gradient  in  the  halo.  Two 
methods  exist  to  study  the  problem,  one 
from  studies  of  local  stars,  such  as  in  Fig. 
20,  the  other  by  studying  stars  in  situ 
high  in  the  halo  itself. 

(1)  Inferred  from  local  stars  in  the 
plane.  There  is  current  debate  whether 
a  true  chemical  gradient  exists  in  the  halo 
or  whether  it  is  merely  a  transition  be- 
tween the  disk  and  the  halo  component 
of  different  metallicity,  which  imitates  a 
gradient  in  the  height  range  of  0  <  Z  < 
3  kpc  perpendicular  to  the  plane.  The 
problem  is,  of  course,  important  in  stud- 
ies of  the  early  Galactic  collapse  and  the 
subsequent  chemical  enrichment  (Eg- 
gen,  Lynden-Bell,  and  Sandage,  Astro- 
phys.  J.,  136,  748,  1962). 

Figure  21  summarizes  the  available  data 
on  nearby  subdwarfs  whose  space  mo- 
tions are  known  (via  photometric  paral- 
laxes, known  proper  motions,  and  radial 
velocities).   Plotted  is  the  W  velocity 


(perpendicular  to  the  plane)  against  the 
UV  excess  (reduced  to  B  —  V  =  0.6).  An 
explanation  of  the  data  sample  is  given 
elsewhere  (Astron.  J.,  86,  1643,  1981). 
There  is  clear  correlation  between  the 
mean  W0  value  and  the  mean  UV  excess, 
showing  that  very  few  stars  of  high  me- 
tallicity (i.e.,  5  <  0.1)  can  be  expected  at 
heights  greater  than  ~2  kpc. 

To  increase  the  sample,  we  have  begun 
a  radial  velocity  program  for  all  the  stars 
(-1000)  in  Fig.  20  with  B-  V  <  1.0  so 
as  to  guard  against  selection  effects  of 
the  kind  that  may  be  present  in  Fig.  21 
at  small  5  values.  To  date,  about  300  new 
high-velocity  subdwarfs  have  been  found 
from  this  radial  velocity  program,  being 
done  by  Gary  Fouts  at  the  Mount  Wilson 
Coude  spectrograph  with  a  Reticon  spec- 
trometer. 

(2)  To  be  obtained  by  studying  distant 
stars  in  situ.  The  final  aim  of  the  pro- 
gram is  to  measure  metal  abundance,  star 
by  star,  using  individual  8  (0.6)  values 
for  stars  as  faint  as  B  -  19.  Photometric 
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Fig.  21.  Correlation  of  W  velocity  for  local  stars  near  the  Galactic  plane  with  reduced  ultraviolet 
excess.  Height  reached  above  the  plane  is  on  the  right.  An  explanation  of  the  data  and  the  pronounced 
increase  of  the  mean  <|W|>  value  as  the  reduced  ultraviolet  excess  increases  is  given  in  Astron.  J.,  86, 
1643,  1981. 


parallaxes  of  these  stars  should  then  give 
the  distribution  of  metallicity  at  each 
height.  Clearly,  the  result  obtained  in 
situ  must  agree  with  that  derived  by 
analysis  of  Fig.  21  giving,  with  a  given 
Galactic  acceleration  K(Z),  how  high  each 
star  then  can  climb  out  of  the  plane  and, 
by  summation,  the  in  situ  distribution. 
We  expect  to  have  UV  excess  data  for 
-4000  F  and  G  stars  to  Z  =  6  kpc  within 
three  years,  as  part  of  this  halo  mapping 
program. 


Part  of  this  work  has  been  supported 
by  NSF  grants  AST-7800534  for  the  con- 
struction of  the  new  dual-channel  auto- 
mated Mount  Wilson  photometer,  and 
AST-8015797  for  the  beginning  of  the  ac- 
tual halo  mapping,  which  has  led  to  the 
data  in  Figs.  18  and  21  and  to  the  new 
subdwarf  radial  velocities  for  a  complete 
sample  of  stars  in  Fig.  20.  We  are  very 
grateful  for  this  National  Science  Foun- 
dation support. 
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Systematic  Properties  of  E 

Galaxies  Over  a  Range  of  106  in 

Intensity:  The  Virgo  Cluster 

Survey 

Allan  Sandage,  Bruno  Binggeli, 
and  Massimo  Tarenghi 

The  beginning  of  a  systematic  survey 
of  the  Virgo  cluster  using  the  1?5  x  1?5 
wide  field  of  the  Las  Campanas  du  Pont 
2.5-meter  reflector  was  described  in  Year 
Book  79,  p.  621.  In  brief,  74  fields  cen- 
tered on  the  Virgo  cluster  have  now  been 
photographed  (for  a  total  area  of  —150 
square  degrees).  The  plates  are  of  high 
quality,  generally  with  a  resolution  of  ~  1 
second  of  arc,  have  a  plate  scale  of  10.8 
arc  sec  mm"1,  and  reach  B  —  22  mag 
nearly  uniformly. 

The  object  of  the  survey  is  to  produce 
a  catalog  of  Virgo  cluster  members.  Very 
many  dwarf  galaxies  have  been  found  that 
can  be  unambiguously  identified  as  clus- 
ter members  by  their  uniquely  low  sur- 
face brightness.  They  have  large  angular 
diameters  but  faint  apparent  magni- 
tudes, and  are  thus  quite  different  in  sur- 
face brightness  from  the  bright  ellipticals. 
This  feature  provides  an  easy  separation 
of  the  member  dwarfs  from  background 
E  and  SO  systems  for  galaxies  fainter 
than  MBt  -  -  17. 

A  catalog  of  Virgo  members  is  in  prep- 
aration. It  will  be  complete  for  all  gal- 
axies in  the  area  brighter  than  BT  —  15.7, 
and  should  contain  most  cluster  members 
(i.e.,  those  with  low  surface  brightness) 
from  this  level  to  BT  —  18,  where  an 
incompleteness  begins  in  the  discovery 
of  galaxies  with  SB  fainter  than  |xB  —  25 
magnitudes  per  square  arc  second. 

Radius-Absolute  Magnitude  Relations 

Two  of  the  central  fields  near  NGC  4486 
were  digitally  microphotometered  at  the 
picture-processing  unit  of  the  European 
Southern  Observatory  at  Geneva  before 
that  observatory  support  facility  was 
moved  to  Munich.  These  digital  trans- 


missions for  —100  galaxies  have  been 
converted  to  intensities  and  analyzed  for 
various  properties  of  the  surface  photom- 
etry for  galaxies  that  range  between  ap- 
parent magnitude  BT  —  10  and  BT  —  20. 

Intensity  growth  curves  have  been  ob- 
tained for  most  galaxies  in  the  measured 
sample,  by  integrating  the  pixel  intens- 
ities outward  in  square  boxes  (incre- 
mented in  steps  of  40  microns).  The  total 
magnitude,  the  effective  radius  (i.e. ,  that 
radius  of  a  circle,  centered  on  the  galaxy, 
that  contains  half  the  light),  and  effective 
surface  brightness  have  been  calculated 
from  this  material.  In  addition,  we  have 
calculated  mean  radial  intensity  profiles 
for  —50  ellipticals  (mostly  dwarfs)  by  dif- 
ferentiating the  growth  curves.  Fits  of 
these  profiles  to  King's  self-consistent 
dynamical  models  made  for  self-gravi- 
tating collisionless  aggregates  of  stars 
permits  determination  of  the  core  ra- 
dius, as  defined  by  the  King  models,  the 
central  surface  brightness  (and  hence  the 
central  density,  found  by  the  adoption  of 
an  assumed  mass-to-light  ratio),  and  the 
degree  of  concentration  toward  the  gal- 
axy's center  (i.e.,  the  ratio  of  outer  cut- 
off radius  to  core  radius). 

The  principal  result  from  these  data  is 
that  all  of  these  quantities  vary  system- 
atically with  absolute  magnitude,  from 
the  giant  ellipticals  at  MBt  -  -  23  to  the 
faintest  dwarfs  that  we  have  measured 
in  the  Virgo  cluster  at  MBt  =  — 12  and 
continuing  to  MBt  =  —  7,  found  by  in- 
cluding the  dwarf  spheroidal  galaxies  of 
Fornax,  Leo  I,  Sculptor,  Leo  II,  Draco, 
and  Ursa  Minor  that  are  satellites  of  our 
Galaxy. 

Figure  22  shows  intensity  profiles  for 
five  of  the  program  galaxies  (mostly 
dwarfs),  ranging  from  NGC  4328  whose 
absolute  magnitude  is  MBt  -  -  17.6  to 
the  anonymous  dwarf  R5  with  MBt  - 
- 13.5.  Plotted  is  the  log  of  the  intensity 
vs.  the  log  of  the  dimensionless  ratio  of 
measured  radius  to  core  radius  rc.  The 
drawn  lines  are  a  family  of  King  profiles 
with  different  ratios  of  cut-off  radius  (rt, 
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Fig.  22.  Mean  intensity  profiles  of  five  Virgo  cluster  elliptical  galaxies  that  range  in  absolute  mag- 
nitude between  MBT  =  -  17.6  and  -  13.5.  The  solid  lines  are  theoretical  profiles  due  to  King  from  the 
one-parameter  family  of  various  concentrations,  defined  by  the  ratio  of  cut-off  radius  rt  to  core  radius 
rc.  The  fainter  galaxies  are  less  concentrated  than  the  brighter  and  change  progressively  in  concentration 
with  absolute  magnitude  (see  Figure  24b). 


called  the  tidal  radius  by  King  for  glob- 
ular clusters)  to  core  radius.  This  ratio 
is  the  so-called  concentration  index. 

Note  from  Fig.  22  that  this  ratio 
changes  progressively  for  the  five  gal- 
axies shown,  becoming  smaller  (i.e.,  less 
concentrated)  as  the  galaxy  becomes 
fainter.  This  feature  can  be  seen  also  by 
direct  inspection  of  the  plates.  The  faint- 
est dwarfs  have  a  very  flat  appearance 
and  a  sharp  edge;  they  look  almost  box- 
like with  no  extended  envelope. 

Figure  23  shows  that  the  effective  ra- 
dius (expressed  in  parsecs,  assuming  a 
distance  modulus  of  31.7  or  D  =  22  Mpc) 
decreases  monotonically  with  fainter  ab- 
solute magnitudes.  Open  circles  are  Virgo 
cluster  members;  closed  circles  are  from 
a  sample  of  well-observed  field  Shapley- 


Ames  galaxies.  A  line  of  constant  effec- 
tive surface  brightness  is  shown  which 
has  the  well-known  equation 


M 


Bt 


5  log  re  +  const, 


obtained  by  Hubble  for  the  brightest  E 
galaxies  in  1926.  The  principal  result  of 
the  present  work  is  that  Hubble's  rela- 
tion holds  only  over  a  very  narrow  range 
of  absolute  luminosity  between  MBt  —  -  21 
and  -  19,  which  is  the  effective  range  of 
the  bright  galaxy  Shapley-Ames  catalog. 
The  fitting  to  King  models  of  the  de- 
tailed luminosity  profiles  (such  as  those 
in  Fig.  22)  for  the  —50  measured  galaxies 
permits  calculation  of  the  core  radii,  the 
ratio  rtlrc,  and,  by  combination  with  Fig. 
23,  the  ratio  of  effective  radius  to  core 
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Fig.  23.  The  effective  radius  in  parsecs  as  a  function  of  total  absolute  blue  magnitude.  The  closed 
circles  are  non- Virgo  cluster  E  galaxies  which  have  photoelectric  aperture  photometry.  The  open  circles 
are  Virgo  cluster  galaxies  measured  in  the  present  program.  The  six  crosses  are  dwarf  spheroidal  galaxies 
that  are  satellites  to  the  galaxy. 


radius.  The  results  are  shown  in  Fig.  24, 
where  these  three  calculations  are  plot- 
ted vs.  absolute  magnitude. 

In  Fig.  24a  the  most  striking  feature 
is  the  near  constancy  of  the  core  radius 
for  galaxies  brighter  than  MBt  —  -  14  at 
rc  —  600  pc.  Over  the  entire  luminosity 
range  it  varies  by  less  than  a  factor  of 
10,  whereas  the  luminosity  itself  varies 
by  a  factor  of  106.  The  conclusion  is  that 
essentially  all  elliptical  galaxies  from  MB 
—  -  22  to  MB  —  -  8  have  a  similar  core 
radius  of  a  few  100  pc,  differing  in  order 
of  magnitude  from  the  globular  clusters 
which  form  a  second  family  with  rc  —  5 
pc.  Hence,  although  E  galaxies  and  glob- 
ular clusters  differ  fundamentally  in  rc, 
they  are  quite  similar  among  themselves. 
(Note  that  E  galaxies  and  globular  clus- 
ters overlap  in  luminosity  at  MBt  —  -  8, 
yet  they  clearly  differ  from  one  another 
dynamically.) 


Plotted  in  Fig.  24b  is  the  ratio  of  the 
cut-off  radius  to  the  core  radius  for  the 
Virgo  dwarfs  we  have  measured,  and  for 
the  local  dwarfs  as  well.  Note  the  pro- 
gressive change  in  MBt.  This  is  merely 
another  representation  of  the  progres- 
sive change  in  the  concentration  index 
with  MBj,  shown  in  Fig.  22  and  the  nearly 
constant  rc  with  MBt  of  Fig.  24a. 

Figure  24c  shows  the  progressive 
change  of  re  to  rc  with  MBt.  Although  it 
again  reflects  the  change  shown  in  Fig. 
23,  combined  with  the  near  constancy  of 
rc  in  Fig.  24a,  it  has  a  somewhat  smaller 
scatter  than  does  Fig.  23.  it  does  not  have 
the  hump  at  Mv  =  - 14,  and,  further,  it 
fits  nicely  with  the  local  dwarf  spheroi- 
dals  showing  that  they  are  part  of  the 
same  sequence. 

This  work  is  still  in  midstream.  An  ex- 
planation of  these  new  correlations  over 
a  mass  range  of  106  is  not  yet  known,  but 
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Fig.  24.  The  relations  between  core  radius  (a),  the  ratio  of  cut-off  radius  to  core  radius  (b),  and  the 
ratio  of  effective  radius  to  core  radius  (c),  with  absolute  blue  magnitude  MBr  Closed  circles  are  from 
photometry  by  King;  open  circles  are  from  Virgo  cluster  photometry. 


any  theory  of  galaxy  formation  must  con- 
tain within  it  at  least  the  seeds  for  this 
continuity  of  properties.  Perhaps  the  most 
graphic  way  to  illustrate  this  continuity 
is  through  the  correlation  of  surface 
brightness  with  MBt,  discussed  in  the  fol- 
lowing section. 

The  Effective  Surface  Brightness, 
Absolute  Magnitude  Relation 

The  effective  radius  in  Fig.  23  defines 
the  area  within  which  half  the  total  light 
is  contained.  This  area,  divided  into  the 
intensity  and  converted  again  to  mag- 
nitudes, gives  the  surface  brightness  av- 
eraged over  the  effective  area.  The  result 


in  Fig.  25  shows  that  the  brightest  E 
galaxies  at  MBt  =  -  23  have  lower  <SB>e 
at  22  mag  (square  arc  sec) " x  in  B  than 
do  galaxies  with  MBt  =  -  20,  at  which 
point  the  SB  monotonically  decreases  to 
<SB>e  —  28  mag  (square  arc  sec)"1  for 
the  Draco  and  Ursa  Minor  systems  at 
MBt  —  -  7.  It  is  the  low  surface  bright- 
ness of  the  dwarfs  (fainter  than  MBt  — 
-  17)  by  which  they  can  be  distinguished 
from  more-luminous  background  galax- 
ies. The  effect  is  so  large — at  least  six 
magnitudes  (or  a  factor  of  250  in  inten- 
sity) over  the  entire  absolute  magnitude 
range — that  the  dwarfs  can  be  easily 
identified  by  mere  visual  inspection  of 
the  plates.  Hence,  one  is  generally  cer- 
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Fig.  25.     The  effective  surface  brightness  in  B  magnitudes  per  square  arc  second  and  blue  absolute 
magnitude.  The  coding  is  the  same  as  in  Fig.  24. 


tain  of  cluster  membership  for  the  cat- 
alog entries  fainter  than  B  -  15. 

Again  it  is  clear  from  these  results  that 
Hubble's  relation  of  constant  SB  for  the 
brightest  galaxies  applies  (even  approx- 
imately) only  over  the  restricted  range 
from  MBt  —  -  21  to  -  19 — again,  only 
over  the  effective  reach  of  the  Shapley- 
Ames  catalog. 

Figure  25  shows  the  continuity  of  the 
entire  family  of  E  galaxies,  known  before 
from  the  similarity  in  their  stellar  con- 
tent (being  composed  of  very  old  stars 


with  little  or  no  recent  star  formation) 
extending  over  106  in  luminosity  and  hence 
also  over  nearly  the  same  range  in  mass. 

Variation  of  Central  Density  with 
Total  Mass 

Because  the  intensity  profiles  fit  the 
King  dynamical  models  so  well  (Fig.  22), 
we  can  calculate  the  central  density  using 
the  precepts  of  the  King  models.  The  re- 
sult for  those  profiles  reduced  so  far  are 
shown  in  Fig.  26,  where  the  central  den- 
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sity  in  solar  masses  per  cubic  parsec  are 
correlated  with  total  mass  of  the  galaxy, 
obtained  from  MBt  by  assuming  a  mass- 
to-light  ratio  of  10.  The  variation  of  pc 
with  M/Mq  is  striking  and  is  closely  given 

by 

log  pc  —  log  M  +  const, 

or  pc  oc  M, 

again  a  result  which,  holding  over  a  range 
of  106  in  mass,  must  also  be  accounted 
for  by  any  theory  of  E  galaxy  formation. 


Color  Gradients  in  Galactic 
Halos 

Leonard  Searie 

It  has  been  known  for  more  than  half 
a  century  that  the  Galaxy  consists  of  a 
superposition  of  a  number  of  subsystems 
of  different  fiattenings.  The  discovery  that 
the  least-flattened  subsystems  are  made 
of  stars  that  are  relatively  metal  poor, 
while  those  of  the  more-flattened  sub- 
systems are  metal  rich,  gave  rise  to  the 
hypothesis  of  Galactic  chemical  evolu- 
tion. It  came  to  be  thought  that  the  Gal- 
axy could  be  regarded  as  the  superposition 
of  a  continuous  chronological  sequence  of 
stellar  populations,  more  recent  popu- 
lations being  flatter  and  more  metal  rich 
than  those  that  formed  earlier.  This 
structure  seemed  a  natural  consequence 
of  star  formation  and  stellar  nucleosyn- 
thesis having  taken  place  in  a  progres- 
sively shrinking  and  rotating  gaseous 
proto-Galaxy. 

Recently  it  has  been  emphasized  that 
alternative  schemes  might  equally  well 
account  for  the  known  facts  of  Galactic 
structure.  In  one  version,  the  proto-Gal- 
axy is  imagined  to  have  consisted  of  a 
chaotic  agglomeration  of  gaseous  frag- 
ments within  which  some  stars  had  al- 
ready formed  before  any  sort  of 
equilibrium  had  been  attained.  The  fall- 
ing together  of  these  fragments  is  sup- 
posed to  have  led  to  the  formation  of  two 
distinct  stellar  subsystems.  One  of  these 


is  the  stellar  halo  that  arose  from  the 
dissipationless  collapse  of  those  stars  that 
had  already  formed  before  the  proto-Gal- 
actic  fragments  merged;  this  system  is 
expected  to  be  only  slightly  flattened.  The 
other  subsystem  is  the  stellar  disk  that 
formed  from  the  rotating  gaseous  pan- 
cake that  resulted  from  the  dissipative 
merging  of  the  gaseous  components  of 
the  fragments. 

In  this  newer  picture,  there  is  sup- 
posedly a  rather  sharp  division  between 
disk  and  halo  subsystems,  while  in  the 
older  conception  these  two  systems  are 
simply  extremes  connected  by  a  contin- 
uum of  populations  with  intermediate 
character.  It  is  unclear  which  of  these 
views  best  describes  reality. 

A  more  basic  distinction  between  these 
different  hypotheses  is  the  qualitative 
difference  in  the  physical  mechanisms  in- 
voked to  account  for  the  structure  of  gal- 
actic halos.  In  the  older  picture,  halo 
structure  is  supposed  to  result  from  gas- 
dynamical  processes,  including  those 
mysterious  processes  responsible  for  star 
formation.  In  the  more  recent  concep- 
tions, the  structure  of  a  halo  is  seen  as 
the  consequence  of  purely  stellar  dynam- 
ical processes — that  is,  it  is  simply  the 
consequence  of  Newton's  laws. 

The  argument  in  favor  of  a  stellar-dy- 
namical origin  of  halo  structure  rests  upon 
the  uniformity  and  character  of  the  light 
distribution  in  galactic  spheroids.  This 
radial  structure,  measured  on  direct  pho- 
tographs, is  well  described  by  a  curious 
empirical  law — the  de  Vaucouleurs'  law. 
T.  van  Albada  of  the  University  of  Gron- 
ingen  has  recently  shown  by  means  of 
numerical  simulations,  that  the  purely 
stellar-dynamical  collapse  of  a  system  of 
point  masses  initially  distributed  in  ac- 
cordance with  the  fragment  picture,  gives 
rise,  after  the  fragments  have  fallen  to- 
gether, to  an  equilibrium  configuration 
which  is  just  that  required  to  produce  de 
Vaucouleurs'  law.  As  long  as  the  frag- 
ments are  endowed  with  some  random 
motions,  the  details  of  the  initial  config- 
uration do  not  affect  the  outcome. 

The  existence  of  color  gradients  across 
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galactic  spheroids  has  long  been  re- 
garded as  the  best  evidence  favoring  the 
gaseous  condensation  model  of  galaxy 
formation.  There  is  general  agreement 
that  color  gradients  arise  from  gradients 
in  chemical  composition,  metal-poor  pop- 
ulations being  bluer  than  metal-rich  pop- 
ulations of  the  same  age.  A  color  gradient 
across  a  galactic  spheroid,  from  red  to 
blue  as  one  goes  from  center  to  periph- 
ery, is  a  natural  consequence  of  a  process 
in  which  star  formation  and  nucleosyn- 
thesis occur  within  a  shrinking  gas  mass. 
Models  of  these  processes  make  two  quite 
general  predictions  for  galaxies  that  are 
regarded  as  superpositions  of  chronolog- 
ical sequences  of  subsystems  whose  metal 
abundance  and  flattening  increase  with 
time.  In  the  first  place,  the  brighter  is- 
ophotes  are  flatter  than  the  fainter  ones. 
In  the  second  place,  the  surfaces  of  con- 
stant color  are  flatter  than  the  isophotal 
surfaces. 

In  the  current  report  year,  the  writer 
and  P.  C.  van  der  Kruit  (University  of 
Groningen)  completed  a  four-part  study 
of  the  surface  photometry  of  edge-on  spi- 
ral galaxies  (see  Year  Book  80,  p.  623). 
The  first  three  papers  concern  the  three- 
dimensional  distribution  of  light  in  disk 
subsystems.  The  fourth  paper  (Astron. 
Astrophys.,  in  press)  concerns  the  spa- 
tial structure,  kinematics,  and  dynamics 
of  a  galactic  spheroid.  NGC  7814  is  par- 
ticularly well  suited  to  an  analysis  of  the 
light  and  color  structure  in  its  spheroid; 
it  is  almost  exactly  edge-on,  it  has  a  sub- 
stantial color  gradient  that  persists  far 
from  the  plane  of  the  disk,  and  the  disk 
itself  contributes  only  a  few  percent  of 
the  total  galactic  light.  Analysis  of  the 
surface  photometry  in  three  colors  shows 
that  the  light  distribution  in  the  spheroid 
of  NGC  7814  is  as  simple  as  it  could  be. 
The  radial  distribution  is  accurately  de- 
scribed by  de  Vaucouleurs'  empirical  law 
but,  remarkably,  the  isophotes  in  all  three 
colors,  and  at  all  radii,  have  the  same 
axis  ratio.  The  colors  of  the  spheroid  be- 
come progressively  bluer  with  increasing 
radius  but,  again  contrary  to  expecta- 
tion, the  isochromes  (i.e.,  the  contours 


of  constant  color)  show  the  same  flatten- 
ing as  the  isophotes. 

These  observations  clearly  contradict 
the  predictions  of  models  based  upon  the 
notion  of  a  contracting  gaseous  proto-gal- 
axy.  It  becomes  of  interest  therefore  to 
consider  whether  the  existence  of  color 
gradients  can  somehow  be  reconciled  with 
the  notion  that  the  spheroid  stars  formed 
before  the  galaxy  collapsed.  The  exis- 
tence of  a  color  gradient  in  the  spheroid 
of  NGC  7814  unambiguously  shows  that 
the  binding  energy  of  the  spheroid  stars 
is  correlated  with  their  metal  abundance. 
The  observations  could  be  understood  if 
the  proto-galaxy  that  existed  before  the 
spheroid  virialized  itself  had  a  spatial 
abundance  structure.  It  would  not  be 
surprising  if  star  formation  and  chemical 
enrichment  had  proceeded  further  in  the 
denser  and  more  tightly  bound  regions 
of  the  proto-galaxy.  What  is  more  sur- 
prising is  that  the  memory  of  such  a 
structure  could  survive  the  violent  col- 
lective relaxation  that  accompanies  gal- 
actic collapse.  Recent  collapse  simulations, 
which  follow  in  detail  the  motions  of  the 
stars  through  the  collapse  phase,  show, 
however,  just  such  a  high  degree  of  cor- 
relation between  initial  and  final  binding 
energies  as  our  observations  seem  to  de- 
mand. 

The  belief  that  color  gradients  provide 
evidence  for  the  occurrence  of  dissipative 
processes  in  collapsing  gaseous  proto- 
galaxies  is  not  supported  by  these  new 
observations,  and  the  equally  wide- 
spread belief  that  a  purely  stellar-dy- 
namical collapse  cannot  produce  a  color 
gradient  is  seen  to  be  based  on  the  rather 
strong  assumption  that  a  proto-galaxy  is 
chemically  homogeneous  prior  to  its  col- 
lapse. 


Classification  Studies  of  SO  and 
Sa  Galaxies 

Allan  Sandage 

During  the  past  five  years  controversy 
has  arisen  concerning  the  earliest  stages 
of  the  Hubble  classification  system  for 
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Fig.  27.  Two  SO  galaxies,  an  SO/a,  and  an  Sc  in  the  Virgo  cluster.  The  surface  brightness  of  the  Sc 
is  much  lower  than  those  of  the  other  three.  Stripping  of  the  gas  from  this  Sc  cannot  produce  the  other 
types.  Photographs  from  the  Las  Campanas  du  Pont  reflector. 


disk  galaxies,  namely  the  SO  type  and  the 
earliest  part  of  the  Sa  section. 

SO  galaxies,  discovered  by  Hubble  but 
not  described  until  the  late  1950's,  are 
disk  galaxies  without  spiral  arms,  gen- 


erally with  large  nuclear  bulges  and  high- 
surface-brightness  disks.  They  are  smooth 
in  appearance  with  no  evidence  of  recent 
star  formation  (except  in  about  1%  of  the 
class),  and  they  are  universally  low  in 
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neutral  hydrogen  content,  most  being 
undetected  in  the  21 -cm  radio  line. 

The  SO's  merge  smoothly  into  the  Sa 
class  through  the  transition  class  SO/a, 
the  members  of  which  have  the  SO  in- 
tensity profile  in  their  centers  but  also 
the  faintest  hint  of  spiral  structure  in  an 
embryonic  stage  of  nearly  circular  arms. 
The  earliest  true  Sa  galaxies  have  large 


nuclear  bulges  (as  in  SO's)  and  spiral  arms 
that  are  entirely  smooth  with  no  hint  of 
star  formation  over  the  entire  galaxy, 
including  the  arms.  Typical,  smooth-arm 
Sa  galaxies  are  shown  in  Fig.  27  from 
plates  taken  with  the  Las  Campanas  du 
Pont  telescope  (except  for  NGC  7743  in 
the  lower  left,  which  was  taken  with  the 
Palomar  Hale  telescope). 
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Fig.  28.  Surface  brightness  at  <\>  =  5500  A  averaged  over  the  area  inside  a  radius  of  A/D(0), 
where  D(0)  is  -0.3  of  the  Holmberg  radius.  The  mean  line  for  the  E  galaxies  is  repeated  in  every  panel. 
Data  sample  are  field  and  cluster  galaxies,  mostly  from  the  Shapley-Ames  Catalog.  No  difference  exists 
between  galaxies  inside  and  outside  of  clusters. 


632 


OX 


<M>V  20 


-I 1 1 1 1 h 


CARNEGIE    INSTITUTION 

i ' 1 ' 1 ' r~ 


Sbc  +SBbc 


ALMC  •.     \      .*•  *  " 

smc  .    .  .  vy  •-• 

.  •  •  •  js.\;  - »     •«• 


0  0.4  0.8  1.2  1.6 

Fig.  29.     Same  as  Fig.  28  for  Sb,  Sbc,  and  Sc  galaxies, 
fainter  than  the  average  of  the  SO's,  stripping  of  gas  from 


Because  the  surface  brightness  of  all  Sc's  is 
spirals  cannot  produce  the  SO  forms. 


The  controversy  concerning  the  clas- 
sification system  centers  on  the  question 
why  these  SO  and  Sa  galaxy  types  show 
no  recent  star  formation,  little  or  no  neu- 
tral hydrogen,  and  yet  are  disk  systems. 
Beginning  with  Spitzer  and  Baade  in  1951 
(Astrophys.  J.,  113,  413,  1951)  and  con- 
tinuing to  the  present,  an  idea  has  been 
developed  that  SO  galaxies  (and  now 
smooth-armed  Sa  systems)  are  not  ge- 
neric to  the  natural  Hubble  sequence  but 
are  produced  by  transformation  of  a  true 
spiral  form  into  a  gasless,  armless  disk 
by  an  environmentally  induced  process 
of  gas  stripping. 

The  clearest  statement  of  the  position 
has  been  given  by  van  den  Bergh  (As- 
trophys. J.,  206,  883,  1976),  who  pro- 
poses that  SO  and  smooth-arm  Sa  galaxies 
started  as  regular  spirals  all  along  the 
Hubble  sequence  but  have  been  stripped 
of  gas  by  hot  intergalactic  gas,  collisions 
with  other  galaxies,  or  other,   similar 


processes.  He  suggests  that  the  SO's  and 
anemic  spirals  form  a  parallel  sequence 
with  gas-rich  systems,  have  been  formed 
from  such  gas-rich  parents,  and  hence 
are  not  generic  to  the  Hubble  sequence. 
These  views  have  received  wide  atten- 
tion; a  large  school  of  galaxy  strippers 
has  arisen.  If  true,  a  major  revision  in 
the  Hubble  sequence  would  be  required. 
A  principal  aim  in  preparing  A  Revised 
Shapley-Ames  Catalog  of  Bright  Gal- 
axies (Carnegie  Inst.  Wash.  Publ.  635, 
1981)  was  to  obtain  large-scale  plates  of 
the  1246  Shapley-Ames  galaxies  so  as  to 
study  again  the  Hubble  sequence  of  clas- 
sification. Inspection  of  the  galaxies  vi- 
sually at  the  telescopes  and,  later,  of  the 
taken  plates,  showed  beyond  doubt  that 
no  sequence  of  SO  galaxies  exists  that 
parallels  normal  Sa,  Sb,  and  Sc  spirals. 
Invariably,  the  disk  surface  brightness 
of  every  SO  galaxy  photographed  is  much 
brighter  than  that  of  Sb  and  Sc  galaxies, 
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Fig.  30.  Smooth-arm  Sa  galaxies,  three  of  which  are  in  the  Virgo  cluster  and  three  in  the  field. 
Photographs  are  with  the  Las  Campanas  du  Pont  reflector  except  for  that  in  the  lower  left,  which  is 
from  the  Palomar  5-m  reflector. 


and  is  somewhat  brighter  than  that  of  Sa 
systems.  The  disk  surface  brightness  of 
SO's  is  the  bright  end  of  a  continuum 
whose  order  of  increasing  surface  bright- 
ness is  Sd,  Sc,  Sb,  Sa,  SO. 

This  was  evident  visually  because  the 
disks  of  most  Sc  galaxies  were  invisible 
at  the  telescope,  whereas  the  disk  of  ev- 


ery SO  galaxy  was  plainly  seen.  Hence, 
one  cannot  strip  a  low-surface-bright- 
ness Sc  galaxy  to  produce  a  high-surface- 
brightness  SO.  Also,  the  bulge-to-disk  ra- 
tios of  SO's  do  not  become  as  small  as 
those  of  Sbc,  Sc,  Scd,  and  Sd  galaxies. 
This  was  already  evident  in  van  den 
Bergh's  paper,  cited  above,  where  the 
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Fig.  31.     The  later  sections  of  the  Sa  sequence,  ending  (at  lower  right)  with  an  Sab  galaxy.  Photographs 
with  the  Las  Campanas  du  Pont  reflector. 


author  could  give  no  example  of  an  SOc 
galaxy. 

The  surface-brightness  test  just  de- 
scribed is  seen  quantitatively  in  Figs.  28 
and  29,  which  show  the  results  of  pho- 
toelectric photometry  of  galaxies  of  var- 
ious types  made  through  varying  sky- 
blocking  apertures.  Plotted  is  the  surface 
brightness  in  V  magnitudes  averaged  over 


the  aperture  A  expressed  as  the  dimen- 
sionless  ratio  of  A  to  a  radius  D(Q)  that 
is  —0.3  of  the  Holmberg  radius.  All  pho- 
tometry is  photoelectric  and  is  taken  from 
a  variety  of  literature  sources. 

In  Fig.  28  are  shown  results  for  E,  SO, 
SO/a,  Sa,  and  Sab  galaxies.  The  line,  re- 
peated in  each  panel,  is  from  the  E  gal- 
axy plot.  The  results  show  that  the  E 
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and  SO  surface  brightnesses  are  nearly 
the  same  at  all  A/D(0)  values,  but  as  soon 
as  the  weak  spiral  arms  appear  in  the 
SO/a  types,  the  surface  brightness  be- 
comes fainter.  By  the  Sab  type,  all  gal- 
axies are  below  the  average  E  relation. 
The  data,  continued  in  Fig.  29,  show  that 
by  type  Sc  no  nuclear  bulge  is  left,  and 
that  the  Sc  disks  are  fainter  than  those 
in  SO's  by  an  average  of  ~2  magnitudes. 
Clearly  SO's  cannot  be  stripped  spirals. 

These  results  are  qualitatively  seen  in 
Fig.  27,  which  shows  four  galaxies  in  the 
Virgo  cluster.  The  top  two  are  typical 
high-surface-brightness  SO's,  the  one  at 
the  lower  right  is  an  SBO/a,  while  the  one 
at  the  lower  left  is  an  average-surface- 
brightness  Sc  with  small  nuclear  bulge. 

Other  evidence  against  the  stripping 
of  spirals  to  make  SO's  includes  the  fol- 
lowing: (1)  Normal  SO's  occur  in  the  iso- 
lated field  where  no  environmental 
stripping  is  expected  to  occur,  and  (2) 
SO's  and  spirals  coexist  in  pairings  that 
include  simple  binaries,  loose  groups,  and 
spiral-rich  clusters  such  as  Hercules  and 
the  Virgo  cluster  core.  If  SO's  are  stripped, 
why  then  are  not  their  companion  spi- 
rals? 

The  smooth-armed  Sa's  provide  an- 
other example.  Because  they  occur  pri- 
marily in  clusters,  it  has  been  claimed 
(see  Wilkerson,  Astrophys.  J.  (Lett.),  21+0, 
LI  15,  1980)  that  they  too  are  a  result  of 
stripping.  However,  smooth-armed  Sa's 
occur  in  the  isolated  general  field  as  well, 
where  stripping  is  not  expected.  Three 
of  the  six  examples  in  Fig.  30  are  in  the 
Virgo  cluster  core;  the  other  three  are 
in  the  isolated  field. 

A  morphological  study  of  the  complete 


Sa  section  of  the  Hubble  classification 
shows  that  the  galaxies  in  Fig.  30  are 
only  the  earliest  examples  of  a  contin- 
uum within  which  the  arms  become  pro- 
gressively less  smooth  (indicating 
increased  star  formation)  as  one  moves 
through  the  Sa  sequence,  until  finally  the 
Sab  class  is  reached.  This  is  shown  in 
Fig.  31,  which  illustrates  the  middle-to- 
late  Sa  section. 

The  evidence  that  smooth-arm  Sa  gal- 
axies are  generic  to  the  Hubble  sequence 
therefore  includes  the  following:  (1) 
Smooth-arm  Sa  field  galaxies  exist,  sim- 
ilar to  those  in  clusters,  and  (2)  mor- 
phological continuity  exists  between  the 
earliest  and  latest  field  Sa  forms,  begin- 
ning with  SO/a  types  and  ending  with  Sab. 
Smooth-arm  Sa's  are  the  earliest  part  of 
this  continuity  within  the  Sa  section. 

The  conclusion  from  this  study  is  that 
the  hypothesis  put  forward  with  Free- 
man and  Stokes  in  Astrophys.  J.,  160, 
831,  1970,  still  seems  tenable.  There  it 
was  believed  that  the  position  of  a  newly 
formed  galaxy  along  the  Hubble  se- 
quence is  determined  by  the  amount  of 
gas  left  over  in  the  disk  after  the  collapse 
of  the  halo,  that  gaseous  dissipation  oc- 
curs near  the  end  of  the  collapse,  and  that 
there  is  little  or  no  subsequent  evolution 
along  the  Hubble  sequence.  We  would 
now  say  that  early-type  Sa's  and  SO's  are 
the  end  of  a  continuous  sequence  where 
the  residuum  gas  was  very  small;  hence 
most  of  the  disk  material  was  early  con- 
verted into  stars  resulting  in  the  present 
very  high  disk  surface  brightness  for  these 
types,  the  present  lack  of  much  hydrogen 
gas,  and  the  present  low  rate  of  star  for- 
mation. 


CLUSTERS  OF  GALAXIES 


Groups  of  Galaxies 

Halton  C.  Arp 

One  of  the  most  conspicuous  and  im- 
portant characteristics  of  galaxies  is  their 
tendency  to  group  together  in  doubles, 
multiplets,  and  clusters.  This  tendency 


is  so  strong,  in  fact,  that  some  astrono- 
mers have  suggested  that  galaxies  are 
always  found  in  hierarchical  associations 
and  that  there  are  no  isolated  galaxies 
belonging  to  an  underlying  field. 

One  of  the  consequences  of  galaxies 
grouping  together  is  that  they  often 
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physically  interact  with  one  another.  This 
gives  astronomers  an  opportunity  to  ob- 
serve the  results  of  large-scale  experi- 
ments wherein  galaxies  are  perturbed  by 
the  presence  of  other  galaxies.  The  ef- 
fects of  gravitational  forces  on  galaxies 
and  the  dynamical  properties  of  galaxies 
can  also  be  studied  in  these  interactions. 
It  was  for  the  purpose  of  studying  in  this 
way  the  nature  of  galaxies  that  the  pho- 
tographic Atlas  of  Peculiar  Galaxies 
(California  Institute  of  Technology)  was 
prepared  by  Arp  in  1966.  Such  examples 
of  interacting  galaxies  gave  rise  to  a 
number  of  theories  of  gravitationally  in- 
duced rings  and  gravitationally  formed 
stellar  filaments. 

Now  with  advances  in  radio  astron- 
omy, antennae  of  high  sensitivity  are 
capable  of  studying  neutral  hydrogen  gas 
in  galaxies.  These  neutral  hydrogen  (H  I) 
measurements  in  interacting  galaxies  and 
groups  of  galaxies  can  tell  us  many  things 
about  the  behavior  of  this  generally  non- 
luminous,  gaseous  medium  in  galaxies. 
In  order  to  utilize  these  new  tools  for 
studying  galaxies,  Arp  and  Jack  W.  Su- 
lentic  (University  of  Alabama)  have  made 
observations  with  the  300-meter-diame- 
ter  radio  telescope  in  Arecibo,  Puerto 


Rico.  With  a  new,  high-sensitivity  re- 
ceiver attached  to  the  focus  of  that  tel- 
escope, galaxies  could  be  detected  to  as 
faint  as  17th  apparent  magnitude,  and 
the  redshifts  of  the  hydrogen  could  be 
measured  from  three  to  ten  times  more 
accurately  than  by  optical  measures. 

In  a  paper  recently  submitted  for  pub- 
lication, Sulentic  and  Arp  report  135  sep- 
arate observations  of  H  I  in  galaxies  and 
groups.  They  show  hydrogen  intensities 
as  a  function  of  redshift  and  analyze  in 
detail  the  ways  whereby  these  hydrogen 
profiles  may  be  understood  in  terms  of 
the  morphology  of  the  individual  galaxies 
involved.  For  example,  in  Fig.  32  the 
typical  signature  of  a  rotating,  flattened, 
partially  edge-on  galaxy  is  seen.  The  hy- 
drogen is  redshifted  away  from  us  on  one 
side  of  the  rotating  rim  and  blueshifted 
toward  us  on  the  other  side  of  the  rim. 
Figure  33  shows  a  very  irregular  profile 
of  hydrogen.  Sulentic  and  Arp  introduce 
a  new  and  simple  classification  scheme 
for  these  profiles.  Profiles  are  related  in 
some  detail  in  the  new  work  to  the  dis- 
turbed optical  shape  of  the  galaxy,  and 
this  can  in  turn  be  interpreted  in  terms 
of  internal  activity  within  the  galaxy  or 
in  terms  of  disturbance  by  nearby  gal- 
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Fig.  32.     Neutral  hydrogen  profile  of  the  galaxy  UGC  5020  obtained  with  the  300-m  (1000-ft)  radio 
telescope  at  Arecibo,  Puerto  Rico.  An  example  of  a  "normal"  double-horned  profile. 
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Fig.  33.     Neutral  hydrogen  profile  of  the  binary  galaxy  UGC  3995.  An  example  of  a  composite  profile 
produced  by  the  superposition  of  the  signals  of  two  galaxies. 


axies.  It  is  shown  that  interaction  does 
not  always  broaden  the  profile  but  some- 
times breaks  down  its  symmetry  instead. 
Some  of  the  objects  measured  are  from 
groups  and  associations  which  are  known 
from  published  catalogs.  Some  others  of 
the  groups  studied  come  from  a  special 
study  of  nonequilibrium  companions  made 
by  Sulentic,  Arp,  and  Graziela  di  Tullio 
(University  of  Padova)  in  the  years  1976- 
1978.  In  that  project,  the  investigators 
studied  the  regions  around  large  spiral 
galaxies  on  wide-field  Palomar  Schmidt 
plates  and  control  fields  far  from  bright 
galaxies.  Many  individual  spectra  were 
taken  over  two  years  with  the  Carnegie 
1.5-meter  telescope  at  Palomar.  The  in- 
vestigators found  that  the  spirals  tended 
to  have  small  companion  galaxies  in  their 
vicinity  which  generally  showed  evi- 
dence of  activity  or  interactions.  The 
spectra  of  the  companions  frequently 
possess  emission  lines,  and  their  distri- 
bution toward  the  minor  axes  of  the  large 
spirals  confirm  a  result  discovered  many 
years  before  by  Erik  Holmberg  about  the 
disposition  of  small  companions  around 
large  spirals.  These  results  raise  puz- 
zling questions  as  to  the  origins  of  the 


companion  galaxies  and  their  physical  and 
dynamical  relations  to  the  central  gal- 
axy. 

The  new  measures  by  Sulentic  and  Arp 
enable  accurate  redshifts  to  be  obtained 
for  these  groups  of  galaxies.  The  accu- 
rate redshift  differentials  of  the  compan- 
ions can  be  studied  with  respect  to  the 
central  galaxies  in  the  group  and  with 
respect  to  each  other.  It  is  hoped  to  de- 
rive the  dynamical  properties  of  the 
groups,  which  may  help  to  solve  the 
problem  of  how,  or  in  what  form,  the 
smaller  galaxies  originated.  It  may  also 
be  possible  to  predict  what  the  systems 
will  become  in  time. 

As  an  example  of  some  of  the  objects 
studied,  one  of  the  groups  is  illustrated 
in  Fig.  34.  This  system,  called  informally 
"The  Box,"  was  first  encountered  in  the 
1976-1978  work.  But  now  the  redshifts 
in  hydrogen  are  available  and  the  gas- 
eous (H  I)  behavior  of  the  components  of 
the  system  can  be  studied  and  related  to 
the  optical  information  in  search  of  fur- 
ther understanding  of  galaxy  genesis,  and 
the  physical  nature  and  evolutionary  des- 
tinies of  the  companions. 
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Fig.  34.     An  image-processed  picture  of  the  discordant  redshift  group  NGC  4169,  4173-5.  Observations 
at  Arecibo  suggest  a  complex  neutral  hydrogen  distribution  in  this  quartet. 


The  Evolution  of  Galaxies 

Alan  Dressier 

Astronomers  can  look  back  in  time. 
Light,  despite  its  great  speed,  covers 
cosmic  distances  slowly.  It  is  no  coinci- 


dence that  it  takes  a  beam  of  light  as  long 
as  the  age  of  the  universe  to  cross  the 
universe.  The  Big  Bang  model  leads  di- 
rectly to  the  notion  that  the  size  of  the 
universe  at  any  age,  the  "horizon,"  is  the 
distance  light  itself  has  traveled  since  the 
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expansion  began.  It  therefore  follows  that 
if  we  can  "see"  light  from  a  galaxy  a  fair 
fraction  of  the  way  across  our  universe, 
we  must  be  viewing  it  as  it  appeared  bil- 
lions of  years  ago,  when  the  light  we  now 
detect  began  its  long  journey  across  space. 
When  light  left  the  distant  galaxies  which 
astronomers  now  study  almost  routinely, 
the  Sun,  a  relative  newborn  in  our  Gal- 
axy, had  not  yet  formed  from  the  inter- 
galactic  dust  and  gas. 

Astronomers  at  the  Mount  Wilson  and 
Palomar  Observatories  were  among  the 
first  to  exploit  this  unique  ability  to  see 
the  universe  as  it  appeared  billions  of 
years  ago.  One  of  the  first  questions  to 
be  explored  was  the  growth  and  destiny 
of  the  universe  itself.  Following  Hubble's 
remarkable  discovery  that  the  galaxies 
in  our  section  of  the  universe  were  sep- 
arating with  great  speed,  Allan  Sandage 
pioneered  attempts  to  measure  how  this 
speed  of  expansion  had  changed  through- 
out the  ages.  By  comparing  the  uni- 
verse's present  rate  of  expansion  with 
the  expansion  rate  in  the  past,  astrono- 
mers can  determine  the  degree  to  which 
the  expansion  is  "slowing  down."  From 
this  we  can  learn  whether  the  universe 
will  continue  to  expand  forever  (an  "open 
universe")  or  will  slow  to  a  stop,  to  be 
followed  by  a  long  collapse  (a  "closed  uni- 
verse") and  perhaps  another  Big  Bang. 

Sandage  measured  the  redshift,  i.e., 
the  recessional  speed,  of  distant  galax- 
ies, but  he  needed  to  know  their  dis- 
tances as  well  in  order  to  determine  how 
far  back  in  time  he  was  looking.  For  this 
he  proposed  that  the  brightest  galaxies 
in  rich  clusters  could  be  used  as  "stan- 
dard candles."  If  the  brightest  galaxy  in 
each  cluster  always  had  the  same  "ab- 
solute luminosity,"  as  Sandage's  study  of 
nearby  clusters  indicated,  then  the  dis- 
tance to  a  remote  cluster  could  be  cal- 
culated from  the  apparent  brightness  of 
its  brightest  galaxy. 

This  massive  effort,  pursued  for  sev- 
eral decades  by  many  astronomers,  con- 
tinues today.  Even  with  newly  developed 
television-like  detector  systems  more 
sensitive  to  faint  signals  than  the  pho- 


tographic emulsion,  time-consuming 
searches  of  the  sky  are  required  to  find 
the  barely  visible,  remote  clusters. 

Ironically,  these  measurements  of  dis- 
tant galaxies,  which  promised  to  provide 
the  prized  answer  to  the  question  of  the 
fate  of  the  universe,  showed  that  another 
effect,  the  evolution  of  galaxies,  would 
keep  that  goal  elusive.  The  "standard 
candles,"  it  seems,  were  likely  to  expe- 
rience significant  changes  in  their  lumi- 
nosities as  they  aged.  Some  of  this  is 
expected,  since  galaxies  are  composed  of 
aging  stars  and  the  more  massive  of  these 
must  die  as  time  goes  on.  But  the  rate 
of  such  deaths  is,  at  this  time,  an  un- 
known quantity,  so  that  the  dimming  of 
the  galaxies  throughout  time  is  very  un- 
certain. Further,  it  has  been  suggested 
that  the  brightest  cluster  galaxies  may 
swallow  their  neighbor  galaxies  and  thus 
actually  become  brighter  as  they  age! 
With  these  uncertainties  as  to  the  bright- 
ening or  dimming  with  age  of  the  bright- 
est cluster  galaxies,  the  odds  are  poor 
that  the  study  of  the  redshifts  and 
brightnesses  of  distant  cluster  galaxies 
will  yield  a  clear  answer  as  to  whether 
the  universe  will  continue  its  present  ex- 
pansion to  eternity.  But  through  the  pur- 
suit of  this  difficult  and  fundamental 
knowledge  has  come  the  desire  and  the 
tools  to  study  the  evolution  of  galaxies 
themselves,  in  order  to  understand  what 
the  universe  was  like  when  galaxies  were 
born  and  what  the  fates  of  galaxies  are 
likely  to  be. 

In  our  local  neighborhood  of  space  we 
see  several  different  types  of  galaxies. 
Some  have  elegant  spiral  designs  out- 
lined by  bright  stars,  dark  lanes  of  dust, 
and  luminous  patches  of  glowing  gas.  In 
these  galaxies,  new  stars  are  forming  in 
obscured  clouds  of  molecules  and  cold  gas, 
and  when  these  young  stars  burst  out  of 
their  protostellar  cocoons  and  illuminate 
the  debris,  we  see  them  arranged  in  a 
variety  of  spiral  patterns.  The  flat  disks 
of  stars  which  dominate  spiral  galaxies 
have  been  built  up  from  countless  gen- 
erations of  such  starbirths.  There  is  usu- 
ally in  such  galaxies  a  much  less 
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conspicuous  spheroidal  distribution  of 
stars,  which  we  call  the  central  bulge  and 
the  outer  halo.  Thought  to  be  exclusively 
old,  these  stars  retain  the  kinematics  and 
spatial  distribution  of  matter  infalling 
during  galaxy  formation.  Some  galaxies 
with  disks  have  very  prominent  bulges; 
curiously,  these  are  the  galaxies  that  have 
much  less  star  formation  going  on  in  their 
disks.  The  extreme  of  these  types,  the 
SO  galaxies,  have  large  bulges  and  vir- 
tually no  star  formation  in  their  disks; 
the  spiral  pattern  has  disappeared  and 
only  older  stars  are  seen.  Finally,  there 
are  elliptical  galaxies  with  no  noticeable 
disks  at  all.  They  seem  to  contain  only 
old  stars  that  move  in  and  out  of  the  gal- 
axy on  eccentric  orbits. 

Astronomers  have  long  wondered  why 
these  different  galaxy  types  exist.  Might 
all  types  have  evolved  from  a  common 
ancestor  type — spiral  galaxies — some  of 
which  lost  their  ability  to  form  new  stars 
or  which  merged  together  to  form  el- 
lipticals? Alternatively,  were  the  differ- 
ent forms  destined  by  conditions  of  birth, 
by  the  density  or  turbulence  of  the  mat- 
ter from  which  the  galaxies  formed,  or 
by  disturbances  from  other  proto-gal- 
axies?  Recent  studies  of  nearby  galaxies, 
their  structures,  and  their  present-day 
environments,  seem  to  show  that  fun- 
damental differences  in  form  and  struc- 
ture must  have  developed  fairly  early  in 
galaxy  history. 

It  seems  unlikely  that  one  common 
ancestor  could  evolve  into  either  a  spiral 
galaxy,  vigorously  forming  stars,  or  an 
SO  galaxy  with  a  dormant  disk  and  large 
bulge.  But  the  remaining  questions  are 
no  less  interesting.  Did  the  SO  galaxies 
stop  forming  stars  at  one-tenth  the  age 
of  the  universe  or  only  more  recently? 
Did  the  activity  stop  because  of  the  wind- 
ing down  of  some  internal  clock  in  a  spiral 
galaxy,  or  did  interactions  of  the  spirals 
with  other  galaxies  or  intracluster  gas 
hasten  the  process?  Do  the  spirals  that 
survive  today  do  so  by  a  kind  of  refuel- 
ing, gathering  the  gas  necessary  for  star 
formation  from  their  surroundings?  Have 
some  ellipticals  been  recognizable  as  such 


since  birth,  while  only  the  more  massive, 
slowly  rotating  ones  are  products  of  the 
mergers  of  galaxies? 

Until  recently,  the  answers  to  these 
questions  had  to  be  found  in  clues  pro- 
vided by  present-day  types  and  environ- 
ments, inferring  from  the  present  what 
galaxies  were  like  in  the  past.  Now  it  is 
possible  to  look  far  enough  into  space  to 
see  and  analyze  the  light  from  galaxies 
when  they  were  younger,  perhaps  half 
their  present  age,  and  try  to  seek  the 
answers  directly. 

Most  of  the  galaxies  in  nearby,  dense 
clusters  are  ellipticals  and  SO's,  while  the 
"field" — the  lower-density  surround- 
ings— is  composed  mainly  of  spirals.  This 
striking  difference  in  population  was  dis- 
covered by  Mount  Wilson  astronomers 
Hubble  and  Humason  over  fifty  years  ago, 
but  the  reason  for  the  difference  is  yet 
to  be  understood.  Dressier  has  recently 
shown  that  the  effect  generalizes  into  a 
very  strong  correlation  of  galaxy  type 
with  local  galaxy  density,  in  the  sense 
that  galaxies  now  actively  forming  stars 
are  typically  found  only  in  low-density 
regions.  Since  the  ellipticals  and  SO's 
dominate  today's  dense  clusters,  it  came 
as  a  surprise  when  H.  Butcher  (Kitt  Peak 
National  Observatory)  and  A.  Oemler 
(Yale  University)  reported  in  1978  that 
two  distant,  dense  clusters  of  galaxies, 
3C295  and  0024  +  1654,  appeared  to  be 
crowded  with  galaxies  that  were  blue  in 
color,  the  signature  of  the  star-forming 
spirals.  Does  this  apparent  excess  of  blue 
galaxies  mean  that  in  a  relatively  brief 
time  of  only  one-third  the  age  of  the  uni- 
verse, the  populations  of  rich  clusters 
of  galaxies  have  transformed  from  sys- 
tems possessing  large  numbers  of  star- 
forming  spiral  galaxies  to  ones  having 
only  a  small  percentage?  Such  rapid  gal- 
axy evolution  surpasses  even  the  most 
optimistic  speculations,  so  alternative 
explanations  should  be  considered.  Can 
we  be  certain  that  the  blue  galaxies  are 
actually  members  of  the  distant  clusters? 

Colors  of  the  galaxies  cannot,  by  them- 
selves, give  us  the  answer.  Only  precise 
spectra  that  produce  redshifts  can  be  used 
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to  decide  if  these  galaxies  belong  to  the 
distant  clusters  or  rather  are  foreground 
objects  accidentally  in  the  line  of  sight. 
Further,  colors  alone  cannot  prove  that 
these  objects  are  normal  spiral  galaxies. 
Studies  of  nearby  galaxies  have  shown 
that  all  types  are  capable  of  rare  out- 
bursts of  star  formation  that  are  brief  but 
intense,  temporarily  changing  a  galaxy's 
color  from  red  to  blue.  A  small  percent- 
age of  nearby  galaxies  called  Seyferts  are 
also  known  to  produce  a  lot  of  blue  light 
not  from  star  formation  but  from  a  spe- 
cial type  of  excitation  of  nuclear  gas  by 
a  highly  energetic  galactic  nucleus.  These 
other  types  of  blue  galaxies  are  rare  in 
the  present  day.  Could  it  be  that  they 
were  much  more  common  only  five  billion 
years  ago? 

Because  these  galaxies  are  so  far  away 
their  images  in  the  telescope  are  small, 
and  the  unsteadiness  of  the  Earth's  at- 
mosphere prevents  a  good  look  at  their 
forms.  Without  this  direct  way  of  deter- 
mining if  a  galaxy  is  a  spiral,  SO,  ellipt- 
ical, or  a  rare  or  unknown  type,  a  more 
indirect  approach  is  needed.  Dressier  and 
James  E.  Gunn  (Princeton  University) 
have  shown  in  recent  papers  that  red- 
shifts  and  estimates  of  morphological  type 
of  galaxies  in  distant  clusters  can  be  ob- 
tained from  moderate  resolution  spec- 
troscopy. Such  spectra  are  taken  at  the 
Palomar  5-meter  Hale  telescope  with  a 
new  detector  system  developed  by  Gunn 
and  James  A.  Westphal  (CalTech)  for  the 
Wide  Field  Camera.  The  instrument, 
known  by  its  playful  acronym  PFUEI 
(Prime  Focus  Universal  Extragalactic 
Instrument)  has  a  highly  efficient  CCD 
(charge-coupled  device)  detector,  with 
which  it  can  take  direct  images  of  a  field 
or  spectra  of  individual  objects.  Begin- 
ning with  the  two  fields  in  which  Butcher 
and  Oemler  originally  measured  galaxy 
colors,  Dressier  and  Gunn  have  begun  a 
long-term  program  to  determine  the  ex- 
tent to  which  excess  numbers  of  blue  gal- 
axies are  present  in  distant  clusters  and 
what  morphological  types  are  repre- 
sented. 

Dressier  and  Gunn's  first  paper  re- 


ported both  expected  and  unexpected  re- 
sults. Four  red  galaxies  in  each  of  the 
two  clusters  were  found  by  their  red- 
shifts  to  be  cluster  members  and  to  have 
spectra  very  similar  to  present-day  el- 
lipticals. These  types  of  galaxies  seem  to 
have  changed  very  little  in  the  last  five 
billion  years,  as  to  be  expected  if  they 
completed  star  formation  when  the  uni- 
verse was  young,  about  fifteen  billion 
years  ago.  The  blue  galaxies  yielded  less 
easily.  Although  a  couple  were  found  to 
be  foreground  galaxies,  four  of  the  ob- 
jects in  the  cluster  3C295  were  very  blue 
but  lacked  spectral  features  from  which 
redshift  or  morphological  type  could  be 
determined. 

Nevertheless,  data  collected  by  Dres- 
sier using  the  Reticon  spectrograph  of 
the  du  Pont  telescope  at  Las  Campanas 
proved  decisive  in  demonstrating  that 
these  blue  objects  could  not  be  normal 
spiral  galaxies  at  the  distance  of  the  3C295 
cluster.  Dressier  took  spectra  of  normal 
spiral  galaxies  in  nearby  clusters  through 
very  large  apertures,  to  determine  what 
the  spectra  of  different  types  of  galaxies 
look  like  when  most  of  the  galaxy  light 
(not  just  from  the  central  regions)  is  added 
up.  This  is  necessarily  the  case  for  the 
distant  galaxies,  since  their  images  are 
so  small  that  almost  all  the  light  enters 
the  small  aperture  of  the  spectrograph. 
Dressier  measured  the  prominent  emis- 
sion lines  of  oxygen  atoms  that  are  ex- 
cited in  the  hot  gas  of  star-forming  regions 
in  the  spirals.  When  he  compared  the 
strength  of  this  emission  to  the  color  of 
the  spiral  galaxy,  he  found  a  strong  cor- 
relation with  little  scatter.  This  relation, 
shown  qualitatively  in  Fig.  35  and  quan- 
titatively in  Fig.  36,  demonstrates  that 
the  bluer  spiral  galaxies  have  increas- 
ingly intense  [0  II]  emission.  By  using 
the  predictive  power  of  this  relation, 
Dressier  and  Gunn  showed  that  the  four 
blue  objects  could  not  be  normal  cluster 
spirals,  because  their  blue  colors  implied 
a  strength  of  [0  II]  emission  that  was  not 
seen.  Apparently,  then,  the  majority  of 
blue  galaxies  in  the  clusters  are  not  nor- 
mal spirals,  so  the  Butcher-Oemler  effect 
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Fig.  35.  The  photographs  and  spectra  of  eight  of  the  spiral  galaxies  which  have  been  observed  through 
large  apertures  to  simulate  the  situation  encountered  in  studying  distant  spirals.  The  area  studied  is 
outlined  on  the  photograph.  The  galaxies  are  ordered  from  very  red  in  the  upper  left  to  very  blue  in  the 
lower  right.  It  is  quite  easy  to  see  the  smooth  progression  of  [0  II]  emission  strength  (X3727)  in  suc- 
cessively bluer  spirals. 
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Fig.  36.  The  quantitative  representation  of  the 
correlation  of  the  B  —  V  color  of  normal  spirals  with 
[0  II]  emission.  The  numbers  81,  75,  71,  and  80 
with  downward  arrows  are  upper  limits  of  [0  II] 
emission  in  the  four  featureless  blue  galaxies  in  the 
cluster  3C295.  The  position  on  the  diagram  of  81, 
75,  and  71  indicated  that  they  could  not  be  normal 
spirals  in  the  cluster.  Subsequent  observations  ver- 
ified that  the  test  is  useful  because  better  spectra 
confirmed  that  71  and  75  are  foreground  galaxies 
and  not  members  of  the  distant  cluster.  Better  lim- 
its on  [0  II]  strength  for  80  and  81  show  that  nei- 
ther galaxy  is  a  normal  cluster  spiral. 


cannot  be  explained  as  an  increase  in  the 
number  of  spiral  galaxies  as  one  looks 
back  in  time. 

One  of  the  unexpected  results  of  the 
first  Dressler-Gunn  study  was  the  dis- 
covery of  two  Seyfert-type  galaxies,  which 
are  galaxies  with  copious  emissions  of  en- 
ergy in  their  centers.  As  mentioned  ear- 
lier, this  type  of  galaxy  is  rare  in  the 
present  day,  comprising  only  about  1% 
of  the  present  cluster  populations.  But 
Dressier  and  Gunn  found  two  such  gal- 
axies out  of  about  ten  candidates  in  the 
distant  clusters — a  percentage  about  ten 
times  as  great  as  is  seen  today.  This  was 


the  first  evidence  that  a  strong  galaxy 
evolution  may  indeed  be  present,  not  of 
the  common  types — spiral,  SO,  and  el- 
liptical— but  of  the  rarer,  active  galax- 
ies. 

This  find  was  tantalizing,  but  two  gal- 
axies do  not  a  discovery  make.  And  though 
Dressier  and  Gunn  had  shown  that  most 
of  the  blue  galaxies  could  not  be  cluster 
spirals,  they  could  not  tell  what  they  could 
be  or  whether,  indeed,  they  were  even 
members  of  the  clusters.  This  year's  study 
provided  more  answers,  and  more  sur- 
prises. Borrowing  an  idea  developed  at 
the  Kitt  Peak  National  Observatory, 
Dressier  produced  "aperture  masks"  for 
the  PFUEI  of  the  3C295  field  that  ena- 
bles spectra  to  be  taken  of  5-10  galaxies 
simultaneously,  instead  of  2-3  simulta- 
neously as  before.  Dressler's  diagram, 
which  specified  the  positions  and  sizes  of 
the  slits  that  corresponded  to  the  posi- 
tions of  galaxies  in  the  cluster,  was  re- 
duced onto  special  high-contrast  film  at 
the  MWLCO  Photographic  Laboratory. 
When  inserted  into  the  PFUEI  during  a 
Hale  5-meter  observing  run  in  April  1982, 
these  multi-slit  masks  enabled  Dressier 
and  Gunn  to  obtain  good  spectra  of  26 
objects  in  the  field.  Spectral  features  are 
seen  and  redshifts  have  been  determined 
in  23  of  the  26.  For  the  first  time,  there 
are  sufficient  data  to  begin  to  discuss  the 
characteristics  of  distant  galaxies  of 
modest  luminosity. 

Is  there  an  excess  of  blue  galaxies  in 
the  cluster  3C295?  Strictly  speaking,  no. 
Only  six  of  twenty  of  the  blue  galaxies 
are  confirmed  cluster  members,  and 
eleven  out  of  twenty  are  certainly  not 
members.  Most  of  the  blue  objects 
Butcher  and  Oemler  identified  are  fore- 
ground galaxies.  Thus  it  appears  that  in- 
stead of  a  blue  population  of  about  45%, 
the  percentage  of  blue  galaxies  in  3C295 
is  15-25%.  Does  this  mean  that  the  pop- 
ulation of  3C295  is  much  like  present-day 
clusters,  which  contain  15-25%  of  blue 
galaxies  that  are  normal  star-forming 
spirals?  Surprisingly,  the  answer  is,  again, 
no!  All  six  of  the  blue  cluster  members 
in  3C295  are  galaxies  that  are  only  rarely 
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seen  in  clusters  today.  To  find  even  two 
or  three  in  a  nearby  cluster  would  be 
noteworthy;  discovering  six  can  only  mean 
either  that  this  cluster  is  an  extreme  odd- 
ity or  that  these  rare  types  of  galaxies 
were  much  more  common  in  the  past  than 
they  are  today.  In  other  words,  they  are 
evolving  strongly  as  the  universe  ages. 

Three  of  the  six  have  the  spectra  of 
active  galactic  nuclei,  and  two  of  these 
are  of  the  very  energetic  Seyfert  type. 
Their  spectra  are  shown  in  Fig.  37  along 
with  the  Seyfert  found  in  the  cluster 


0024  +  1654.  In  addition  to  the  four  gal- 
axies with  active  nuclei  already  found  in 
the  clusters,  at  least  one  foreground  and 
one  background  galaxy  in  the  3C295  field 
are  also  of  this  type.  So,  evidence  con- 
tinues to  mount  that  these  types  of  gal- 
axies were  much  more  prevalent  only  five 
billion  years  ago.  This  is  particularly  in- 
teresting because  Seyferts  are  consid- 
ered to  be  weaker  versions  of  the  luminous 
quasars,  the  brilliant  beacons  that  can  be 
seen  back  to  a  time  when  the  universe 
was  only  one-quarter  as  old  as  it  is  now. 
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Fig.  37.  The  spectra  of  three  galaxies  with  active  galactic  nuclei  found  in  the  clusters  3C295  and 
0024  + 1654.  3C295  #6  has  the  typical  spectrum  of  a  Seyfert  1  galaxy  with  broad  Balmer  emission  lines. 
The  other  two  have  spectra  of  Seyfert  2  nuclei.  These  types  of  very  blue,  active  galaxies  are  rare  in 
present-epoch  clusters  but  apparently  they  were  much  more  common  only  five  billion  years  ago. 
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Fig.  38.  The  summed  spectrum  of  three  galaxies  in  3C295  (upper  right)  which  have  strong  Balmer 
absorption  lines  in  their  spectra.  Balmer  absorption  lines  are  indicative  of  young  stars,  but  the  summed 
spectrum  is  not  matched  by  any  of  the  spectra  of  normal  present-day  spirals  (left  panel)  which  are  known 
to  be  continually  forming  stars.  The  summed  spectrum  is  a  good  match,  however,  to  a  composite  of  an 
old  elliptical  galaxy  population  and  an  equal  luminosity  of  A  stars,  which  indicates  that  enormous  bursts 
of  star  formation  occurred  a  billion  years  before  the  light  we  see  left  these  galaxies. 
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Since  quasars  are  known  to  evolve 
strongly  in  time,  finding  a  strong  evo- 
lution for  Seyfert  galaxies  may  confirm 
a  kindred  relation.  If  further  data  sup- 
port the  conclusion  that  the  number  of 
galaxies  with  active  nuclei  increases  rap- 
idly as  we  look  back  in  time,  then  it  may 
be  that  most  galaxies  had  such  activity 
when  the  universe  was  half  its  present 
age.  Understanding  the  cause  and  nature 
of  the  declining  nuclear  activity  as  gal- 
axies age  may  well  be  crucial  for  under- 
standing the  formation  and  evolution  of 
the  different  galaxy  types  we  see  today. 

Dressier  and  Gunn  find  yet  another  type 
of  unusual  activity  in  the  other  three 
cluster  members.  Each  has  a  spectrum 
with  strong  Balmer  (hydrogen)  absorp- 
tion lines,  the  features  found  in  relatively 
young  stars.  Yet  these  galaxies  are  only 
moderately  blue  and  have  little  or  no  sign 
of  the  ongoing  star  formation  seen  in  spi- 
rals. In  Fig.  38,  the  sum  of  these  three 
similar  spectra  is  compared  to  the  spec- 
tra of  typical  present-day  spiral  galaxies. 
None  of  these  is  a  good  match  for  the 
spectra  of  the  distant  galaxies.  On  the 
other  hand,  the  summed  spectrum  of  the 
three  distant  galaxies  is  an  excellent 
match  for  a  spectrum  made  by  combining 
an  old  stellar  population  like  an  elliptical 
with  an  equal  luminosity  of  one-billion- 
year-old  "A"  stars  (see  Fig.  38).  It  seems 
that  these  three  distant  galaxies  do  owe 
their  slightly  blue  colors  to  star  forma- 
tion, but  unlike  spiral  galaxies,  they  have 
had  a  huge  burst  of  star  formation  that 
subsided  a  billion  years  before  the  light 
we  see  left  the  galaxies.  Such  occur- 
rences are  rare  though  not  unprece- 
dented in  present-day  cluster  galaxies. 

What  triggered  these  enormous  bursts 
of  activity?  Did  all  galaxies  form  large 
bursts  of  stars  in  this  way,  or  only  some 
types?  Which  types  were  they,  and  how 
often  did  the  starbursts  occur?  Will  we 
find  that  more  and  more  galaxies  display 
this  impulsive  behavior  as  we  look  fur- 
ther back  in  time,  or  is  there  something 
special  about  this  cluster,  or  this  time  of 
five  billion  years  ago,  or  the  time  of  five 
billion  years  ago  for  this  cluster?  These 


are  some  of  the  questions  that  await  re- 
searchers in  this  field. 

The  study  of  galaxy  evolution  through 
the  spectroscopy  of  distant  cluster  gal- 
axies is  just  beginning.  We  have  found 
that  many  types  of  galaxies  that  are  rare 
in  today's  universe  were  much  more  com- 
mon only  five  billion  years  ago.  But  the 
extent  of  this  effect  is  still  unknown,  and 
the  explanation  of  the  large  numbers  of 
Seyfert  and  starburst  galaxies  in  the  dis- 
tant clusters  lies  ahead.  We  have  no  an- 
swer at  all  to  one  of  the  basic  questions 
posed  at  the  beginning  of  this  discussion: 
How  do  the  different  common  morphol- 
ogical types — spirals,  SO's,  and  ellipti- 
cals— evolve  with  the  age  of  the  universe? 
Probably,  we  will  have  to  push  further 
back  in  time,  perhaps  to  half  the  age  of 
the  universe,  to  see  significant  changes 
in  the  star  formation  in  these  common 
galaxy  types.  Such  measurements  will 
require  telescopes  larger  than  exist  to- 
day to  gather  the  faint  signals,  but  these 
observations  may  well  tell  us  not  only 
what  the  universe  was  like  at  that  epoch, 
but  how  galaxies  formed  at  the  very  be- 
ginning of  time. 

On  the  other  hand,  like  the  unforeseen 
difficulties  that  have  complicated  the 
puzzle  of  the  future  expansion  of  the  uni- 
verse, it  may  be  that  activity  in  the  nuclei 
of  galaxies  will  so  dominate  the  spectra 
of  these  distant  galaxies  that  it  will  be 
difficult  to  measure  the  light  from  the 
"normal"  stellar  population.  Then,  we  will 
have  to  find  another  way  to  study  the 
phenomena  of  the  birth  and  evolution  of 
the  common  types,  and  meanwhile  con- 
tent ourselves  with  another  marvelous 
diversion,  the  study  of  misbehaving  ad- 
olescent galaxies. 


The  Large-Scale  Distribution  of 
Galaxies  in  Space 

Stephen  A.  Sheet-man 

At  the  largest  scales,  matter  appears 
to  be  distributed  evenly  through  the  uni- 
verse. Counts  of  distant  galaxies  and  ra- 


MOUNT     WILSON     AND     LAS     CAMPANAS     OBSERVATORIES 


647 


dio  sources  and  measurements  of  the 
cosmic  microwave  background  do  not  vary 
greatly  with  direction.  Yet,  on  smaller 
scales,  matter  is  conspicuously  organized 
into  stars,  galaxies,  and  clusters  of  gal- 
axies. Moreover,  it  is  clear  from  the  mi- 
crowave background  that  matter  clumps 
into  such  structures  far  more  strongly 
today  than  it  did  in  the  distant  past.  Where 
does  the  transition  between  a  clumpy 
matter  distribution  and  a  smooth  one  oc- 
cur? 

Measurements  of  galaxy  radial  veloc- 
ities yield  distances  to  galaxies  from  the 
Hubble  law  of  universal  expansion.  The 
Andromeda  nebula,  the  nearest  large 
galaxy  to  our  own,  lies  at  a  distance  cor- 
responding to  a  redshift  of  roughly  50  km 
s  " l.  The  nearest  rich  cluster  of  galaxies, 
the  Virgo  cluster,  contains  hundreds  of 
large  galaxies  and  lies  at  a  radial  velocity 
of  1000  km  s_1,  twenty  times  more  dis- 
tant than  Andromeda.  Our  Galaxy  and 
its  neighbors  are  outlying  members  of  a 
cloud  of  thousands  of  galaxies  surround- 
ing the  Virgo  cluster. 

From  radial  velocities  and  angular  po- 
sitions of  a  sample  of  galaxies,  the  three- 
dimensional  distribution  of  galaxies  in  the 
sample  can  be  constructed.  Including 
fainter,  more  distant  galaxies  in  the  sam- 
ple produces  a  spatial  map  of  a  larger 
volume.  Surveys  of  bright,  local  galaxies 
tend  to  reveal  the  structure  of  the  local 


supercluster  surrounding  Virgo,  or  the 
structure  of  still  larger  galaxy  aggre- 
gates, such  as  the  one  associated  with 
the  very  rich  Coma  cluster  at  7000  km 
s_1.  But  no  such  three-dimensional  map 
has  convincingly  shown  the  matter  dis- 
tribution smoothing  out  to  a  large-scale 
average. 

A  collaborative  effort  conducted  by 
Shectman,  Robert  Kirshner  (University 
of  Michigan),  Augustus  Oemler  (Yale 
University),  and  Paul  Schechter  (Kitt 
Peak  National  Observatory)  has  resulted 
in  a  three-dimensional  map  of  the  spatial 
distribution  of  galaxies  on  the  largest  scale 
yet  obtained. 

The  program  began  with  a  radial  ve- 
locity survey  of  galaxies  in  three  fields 
near  the  North  Galactic  Pole,  each  two 
square  degrees  in  area  but  separated  from 
each  other  on  the  sky  by  typically  35  de- 
grees. In  total,  133  radial  velocities  were 
obtained  by  measuring  the  Doppler  shift 
of  absorption  or  emission  lines  in  an  op 
tical  spectrum  of  each  galaxy. 

Figure  39  shows  the  distribution  in  ve- 
locity of  all  133  measurements.  The  solid 
line  shows  the  expected  distribution  of 
radial  velocities,  based  upon  the  appar- 
ent brightness  of  galaxies  in  the  sample. 
The  galaxies  were  chosen  by  scanning 
plates  taken  at  the  Palomar  1.2-meter 
telescope  with  the  computerized  micro- 
densitometer  at  Yale. 


20.       25. 
V1000 

Fig.  39.  Number  of  galaxies  as  a  function  of  radial  velocity.  The  dark,  light,  and  hatched  areas  each 
refer  to  one  of  three  fields  in  the  North  Galactic  Cap.  The  solid  line  shows  the  expected  distribution  of 
radial  velocities. 
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The  observed  distribution  of  velocities 
is  remarkable.  Between  12,000  and  18,000 
km  s"1  (where  the  expected  population 
of  galaxies  is  greatest),  only  one  galaxy 
is  observed,  rather  than  the  25  pre- 
dicted. Almost  as  remarkable  are  two 
large  peaks  in  galaxy  distribution,  at  9,000 
and  21,000  km  s"1.  Since  the  features  in 
the  velocity  distribution  appear  to  be 
common  to  all  three  fields,  one  is  led  to 
suppose  that  a  void  in  the  galaxy  distri- 
bution spans  the  entire  area  between  the 
fields.  The  dimensions  of  this  void  are  100 
times  greater  than  the  distance  to  An- 
dromeda. Within  such  a  volume,  some 
3000  bright  galaxies  might  normally  be 
expected,  equivalent  to  the  population  of 
several  very  rich  clusters  of  galaxies. 

A  new  survey  has  been  conducted  to 
characterize  the  galaxy  distribution  in  the 
entire  area  of  the  sky  between  the  three 
original  fields.  The  apparent  brightness 
of  galaxies  in  the  sample  is  fixed  by  the 
requirement  that  the  most  likely  radial 
velocity  be  near  15,000  km  s"1.  In  the 
area  between  the  fields  there  are  tens  of 
thousands  of  galaxies  of  this  brightness. 

Figure  40  shows  the  grid  of  122  small 
fields  in  which  the  new  survey  has  been 


Fig.  40.  Positions  on  the  sky  of  122  fields  com- 
posing the  distributed  radial  velocity  survey.  The 
hatched  areas  mark  the  positions  of  the  original 
three  fields. 


conducted.  The  area  of  each  of  the  new 
fields  is  only  0.06  square  degrees,  so  that 
the  total  area  surveyed  is  only  slightly 
larger  than  that  of  the  three  original  fields. 
Photographic  copies  of  each  of  the  122 


V-iooo     15 


Fig.  41.     Projection  of  the  velocity  sample  in  122  fields  on  the  declination,  radial  velocity  plane.  The 
various  symbols  refer  to  different  intervals  of  right  ascension. 
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fields  were  made  from  the  Palomar  Sky 
Survey  and  distributed  to  the  four  col- 
laborators, each  of  whom  prepared  a  list 
in  order  of  estimated  brightnesses  of  the 
150  brightest  galaxies  in  the  fields.  The 
result  is  a  sample  of  an  area  of  the  sky 
to  a  limiting  magnitude,  comparable  in 
extent  to  the  original  sample  in  three  fields 
but  spread  out  on  the  sky  so  as  effec- 
tively to  map  galaxy  distribution 
throughout  a  very  large  volume. 

The  new  radial  velocity  sample  con- 
tains 102  galaxies  in  56  of  the  122  fields. 
Figure  41  shows  a  projection  of  the  re- 
sulting three-dimensional  distribution  on 
the  declination,  radial  velocity  plane.  The 
gap  in  radial  velocity  is  clearly  present 
but  appears  in  detail  to  be  tipped  with 
respect  to  the  line  of  sight,  more  distant 
in  the  north  than  in  the  south.  Signifi- 
cantly, the  boundaries  of  the  empty  re- 
gion in  the  plane  of  the  sky  cannot  be 
discerned  in  the  new  sample. 

The  implications  of  the  existence  of  such 
large  features  in  galaxy  distribution  are 
not  yet  clear.  During  the  expansion  of 
the  universe,  a  volume  of  lower-than-av- 
erage  density  becomes  more  conspicu- 
ous, since  in  regions  of  low  density, 
gravitational  attraction  slows  the  expan- 
sion of  galaxies  less  effectively  than  in 
more-dense  regions.  The  required  mass 
deficit  in  the  distant  past  is  much  less 
than  that  observed  today,  but  is  still  very 
large  compared  to  the  initial  mass  re- 
quired to  create,  for  example,  a  rich  clus- 
ter of  galaxies.  The  required  initial 
conditions  depend  critically  on  the  actual 
density  of  galaxies  in  the  empty  region, 
which  has  not  yet  been  adequately  de- 
termined. It  is  conceivable  that  the  for- 
mation of  galaxies  has  proceeded 
differently  in  the  empty  volume,  and  that 
much  of  the  mass  may  be  present  but  not 
observable  in  the  form  of  conventional 
galaxies. 

When  the  galaxy  distribution  is  clumpy, 
the  average  probability  of  observing  a 
galaxy  some  distance  from  another  gal- 
axy is  higher  than  the  probability  of  ob- 
serving a  galaxy  at  a  random  point  in 
space.  The  two-point  correlation  function 


is  the  ratio  of  this  enhanced  probability 
to  the  random  value,  as  a  function  of  dis- 
tance. The  notion  that,  at  large  scales, 
matter  is  distributed  evenly  through  the 
universe  implies  that  at  large  distances 
the  correlation  function  tends  toward  zero. 

The  correlation  function  for  the  102 
galaxies  in  the  new  survey  is  presented 
in  Fig.  42.  The  two  curves  correspond  to 
previous  measurements  of  the  correla- 
tion function  from  the  distribution  of  gal- 
axies on  the  sky  by  Peebles,  and  from  an 
earlier  radial-velocity  survey  by  Kir- 
shner,  Oemler,  and  Schechter.  The  strik- 
ing result  is  that  even  though  the  galaxy 
distribution  exhibits  a  conspicuously 
empty  region  of  considerable  extent,  the 
correlation  function  is  consistent  with  the 
lower  values  determined  by  Peebles. 
Voids  and  superclusters  of  comparable 
scale  may  be  not  uncommon  features  of 
the  galaxy  distribution. 

Will  still  larger  scale  surveys  continue 
to  reveal  still  larger  structures?  If  so,  the 
structures  are  likely  to  be  of  correspond- 
ingly lower  contrast.  At  radii  greater  than 
3000  km  s"1,  the  correlation  function  in 
Fig.  42  is  constrained  to  values  of  at  most 
a  few  hundredths.  In  the  sense  of  this 
statistical  measure,  the  galaxy  distri- 
bution begins  to  approach  a  smooth  value 
at  the  scales  accessible  in  the  present 
survey. 

Rich  clusters  of  galaxies  are  the  larg- 
est concentrations  of  matter  for  which 
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Fig.  42.  Two-point  correlation  function  for  the 
velocity  sample  in  122  fields.  The  solid  lines  refer 
to  earlier  determinations  by  Peebles  and  by  Kir- 
shner,  Oemler,  and  Schechter.  The  value  log  R  = 
1.0  corresponds  to  a  separation  of  1000  km  s"1. 
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the  orbital  times  of  the  cluster  members 
are  shorter  than  the  age  of  the  universe. 
For  these  objects,  the  mass  can  be  de- 
termined from  the  velocities  of  the  clus- 
ter members  and  the  cluster  size. 
Individual  clusters  are  often  the  most 
conspicuous  objects  in  a  very  large  vol- 
ume. The  concentration  of  mass  in  the 
cluster  slows  the  nearby  expansion  of  the 
universe. 

Shectman,  using  a  model  by  Gunn  and 
Gott,  has  calculated  the  effect  of  the  Coma 
cluster  mass  on  the  surrounding  volume. 
Since  the  cluster  slows  the  expansion  of 
galaxies  nearby,  the  density  of  galaxies 
near  the  cluster  is  higher  than  average. 
In  addition,  when  viewed  from  a  dis- 
tance, galaxies  closer  than  the  cluster 
center  are  systematically  accelerated  to 
higher  radial  velocities,  and  galaxies  be- 
yond the  cluster  are  slowed  down.  Both 
the  density  and  velocity  effects  serve  to 
increase  the  number  of  galaxies  observed 
at  a  radial  velocity  near  that  of  the  clus- 
ter. 

Consider  a  radial  velocity  sample  of 
galaxies  in  an  area  of  the  sky  near  the 
Coma  cluster.  For  an  unperturbed  gal- 
axy distribution,  the  expected  number  of 
galaxies  in  each  velocity  interval  can  be 
predicted  from  the  average  space  density 
of  galaxies  and  from  the  apparent  mag- 
nitude of  the  galaxy  sample.  Near  the 
cluster  velocity,  some  number  of  galaxies 
in  excess  of  the  expected  number  will  be 
observed.  Let  W  be  the  ratio  of  the  ex- 
cess number  of  galaxies  to  the  expected 
number  per  unit  radial  velocity.  Figure 
43  shows  the  predicted  value  of  W  for  the 
Coma  cluster  as  a  function  of  distance  on 
the  sky  from  the  cluster  center. 

The  galaxy  excess  depends  on  the 
cosmic  density  parameter,  Cl.  For  a  more 
tenuous  matter  distribution,  the  contrast 
of  the  fixed  cluster  mass  relative  to  the 
average  matter  density  is  higher.  Like- 
wise, although  the  matter  density  sur- 
rounding the  cluster  is  lower  for  smaller 
values  of  the  density  parameter,  the  con- 
trast of  this  material  relative  to  the  dis- 
tant matter  density  is  higher.  Thus  the 
galaxy  excess,  W,  grows  more  and  more 


Fig.  43.  Galaxy  excess  as  a  function  of  distance 
on  the  sky  from  the  Coma  cluster.  The  four  points 
are  derived  from  observations  of  the  galaxy  veloc- 
ity distribution  in  four  fields. 

conspicuous  as  the  average  density  of  the 
universe  decreases. 

The  four  points  shown  in  Fig.  43  are 
measurements  of  the  galaxy  excess  near 
the  Coma  cluster,  derived  from  velocity 
surveys  by  Chincarini  and  Rood,  by 
Thompson  and  Gregory,  and  by  Kir- 
shner,  Oemler,  and  Schechter.  The  dis- 
tribution of  galaxies  around  the  Coma 
cluster  is  complex,  and  exhibits  subclus- 
tering  and  interaction  with  other  rich 
clusters — features  not  included  in  the 
idealized,  spherically  symmetric  model. 
Nevertheless,  for  values  of  Cl  <  0.2,  the 
relative  amount  of  material  surrounding 
the  cluster  can  be  high  enough  to  account 
for  the  gross  features  of  the  Coma  su- 
percluster. 

Much  the  same  process  may  account 
for  the  pronounced  peaks  in  the  radial 
velocity  distribution  on  the  near  and  far 
sides  of  the  radial  velocity  gap  shown  in 
Fig.  39.  It  is  even  conceivable  that  the 
void  is  in  part  due  to  the  gravitational 
attraction  of  two  very  great  aggregates 
of  galaxies  serving  to  deplete  the  matter 
distribution  in  the  intervening  volume. 
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On  Quasar  Surveys  and  New 
Objects  Discovered  in  the  Surveys 

Halton  C.  Arp 

On  a  seven-night  observing  run  at  Las 
Campanas  last  year,  55  new  quasars  were 
discovered  by  Arp.  The  quasars  ranged 
to  as  faint  as  B  =  20.4  mag,  with  a  good 
number  fainter  than  20.0  mag.  This  is  an 
exceptionally  faint  limit  at  which  to  work 
with  a  2.5-m  telescope;  it  is  an  indicator 
of  the  high  quality  of  the  du  Pont  tele- 
scope, its  instrumentation,  and  the  Las 
Campanas  sky. 

What  this  observational  capability 
means  in  terms  of  astronomical  problem 
solving  is  illustrated  in  the  two  fields  that 
Arp  is  surveying  for  quasars.  One  field, 
near  the  celestial  equator,  can  be  ob- 
served either  from  the  Northern  or 
Southern  Hemisphere.  The  candidates 
have  been  selected  from  wide-field 
Schmidt  plates  obtained  from  the  Eu- 
ropean Southern  Observatory  (ESO)  by 
Jean-Pierre  Swings  and  Jean  Surdej 
(University  of  Liege).  Combined  with 
Palomar  Schmidt  plates  obtained  by  Arp, 
two  fields  of  20  square  degrees  each  on 
the  sky  have  been  completely  searched 
for  quasar  candidates  to  fainter  than  20th 
magnitude.  In  these  40  square  degrees 
on  the  sky,  all  candidates  are  being  mea- 
sured individually.  The  fundamental  data 
obtained  are  density  of  quasars  as  a  func- 
tion of  apparent  brightness  to  a  faint  lim- 
iting magnitude.  The  measured 
magnitudes  are  accurate  to  about  ±0.1 
mag.  The  distribution  of  redshifts,  the 
equivalent  widths  of  the  emission  lines 
(obtained  with  the  special  computer  pro- 
cessing programs  of  the  ESO  Munich  fa- 
cility), and  the  distribution  of  quasars 
within  the  large  area  can  be  studied.  The 
program  has  been  designed  to  answer 
such  questions  as  how  much  quasars  con- 
tribute to  the  X-ray  background,  whether 
quasars  belong  to  superclusters,  whether 
gravitational  lens  effects  are  significant, 
and  whether  there  are  associations  with 
other  kinds  of  objects. 


The  technique  used  to  survey  the  quasar 
candidates  in  the  fields  described  above 
was  one  of  photographically  imaging  stars 
in  the  ultraviolet  and  blue,  and  catalog- 
ing those  images  that  had  ultraviolet  ex- 
cesses. Another  method  exists,  however: 
one  can  use  an  objective  prism  on  a  wide- 
field  Schmidt  telescope  to  obtain  a  field 
of  small  spectra.  Such  spectra  enable  all 
objects  with  strong  emission  lines  to  be 
cataloged.  This  method  finds  the  few 
quasars  whose  high  redshifts  move  Ly- 
man alpha  emission  from  the  ultraviolet 
to  the  blue  and  thus  take  away  the  ul- 
traviolet excess.  In  general,  the  two 
methods  are  complementary,  and,  in  the 
equatorial-zone,  40-square-degree  area 
being  studied  by  Arp,  Swings,  and  Sur- 
dej, an  objective  prism  plate  from  the 
U.K.  Schmidt  in  Australia  has  been  ob- 
tained in  order  to  give  an  additional  anal- 
ysis. 

In  another  quasar  survey  in  a  smaller 
area  of  the  sky,  a  U.K.  Schmidt  objective 
prism  plate  has  been  used  exclusively. 
Roman  D.  Wolstencroft  (Royal  Obser- 
vatory, Edinburgh)  has  obtained  the  plate 
centered  on  the  unusual  galaxy  NGC  1097, 
which  has  strong  jets  emerging  from  it. 
Mr.  He  of  the  People's  Republic  of  China, 
working  at  Edinburgh,  has  compiled  a 
list  of  candidates  in  an  area  of  4  square 
degrees  around  the  galaxy.  A  total  of  32 
confirmed  quasars  is  now  known.  Their 
distribution  and  density  are  being  stud- 
ied and  the  results  are  being  prepared 
for  publication.  One  paper  on  the  X-ray 
properties  of  this  field,  the  original  six 
quasars,  and  the  galaxy  is  now  in  press 
in  the  Mon.  Not.  Roy.  Astron.  Soc.  (Wol- 
stencroft, Ku,  Arp,  and  Scarrott). 

In  another  area,  reachable  only  from 
the  Southern  Hemisphere,  ESO  Schmidt 
plates  in  ultraviolet  and  blue  wave- 
lengths have  been  obtained  both  on  and 
off  the  large-scale,  suspected  concentra- 
tion of  quasars  near  the  Sculptor  Group 
of  galaxies  (see  Arp,  Astrophys.  J.,  239, 
463,  1980).  It  will  be  very  important  to 
see  if  the  ultraviolet-excess  technique 
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picks  out  an  even  larger  number  of  quas- 
ars than  has  been  previously  found  by 
objective  prism  techniques  in  this  ap- 
parently very  crowded  area.  Since  the 
very-high-redshift,  bright  quasars  have 
relatively  low  luminosities  (according  to 
the  integrated  strengths  of  their  emis- 
sion lines),  the  special  analysis  programs 
of  the  ESO  computer  will  be  especially 
valuable  in  studying  the  nature  of  these 
quasars  with  respect  to  quasars  in  other 
areas  of  the  sky. 

In  addition  to  the  basic  scientific  in- 


formation to  be  obtained  in  any  large- 
scale,  systematic  survey,  there  is,  of 
course,  the  reward  of  occasionally  dis- 
covering new  and  unusual  objects.  Sev- 
eral of  these  have  already  turned  up  in 
the  present  survey.  One  such  discovery 
from  the  Arp,  Swings,  and  Surdej  fields 
is  seen  in  Fig.  44  as  quasars  #209  and 
#210.  The  two  quasars  are  only  70  arc 
seconds  apart  in  the  sky  and,  as  Fig.  44 
shows,  they  have  spectra  which  are  iden- 
tical within  the  accuracy  of  measure- 
ment. The  thought  immediately  springs 


Fig.  44.     Spectra  of  a  close  (r  ~  70")  pair  of  quasars,  #209  and  #210,  which  exhibit  remarkably  similar 
spectra.  Measurements  were  obtained  with  the  2.5-meter  du  Pont  telescope  at  Las  Campanas. 


MOUNT     WILSON     AND     LAS     CAMPANAS     OBSERVATORIES 


653 


to  mind  that  these  may  be  an  example  of 
the  currently  glamorous  astronomical 
concept  of  "gravitational  lens."  The  sep- 
aration between  them  may  be  too  large 
to  be  so  interpreted,  but  only  further 
measures  will  reveal  whether  the  spectra 
are  identical  enough  to  form  an  extension 
to  this  theory.  It  is  interesting  to  note 
that  sky-limited  CCD  photographs  of  this 
field  with  the  1.5-meter  Danish  telescope 


at  La  Silla  show  that  these  two  quasars 
have  a  curious  symmetry  with  fainter  ob- 
jects in  the  field.  Perhaps  the  most  po- 
tentially significant  observations  of  all 
concern  the  absorption  lines  in  their 
spectra.  The  answer  to  the  question 
whether  the  absorption  lines  are  the  same 
or  very  different  in  the  two  quasars  will 
have  crucial  bearing  on  whether  they  are 
interpreted  to  be  a  gravitational  lens,  twin 
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Fig.  45.  Spectra  of  another  close  (r  ~  3.6  arc  min)  pair  of  quasars,  NGC  2683-UGC  2  and  NGC  2683- 
UGC  3,  which  exhibit  very  similar  spectra.  Measurements  were  obtained  with  the  Palomar  1.2-meter 
Schmidt  and  the  5-meter  Hale  telescopes. 
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quasars  in  the  same  supercluster,  or  two 
associated  quasars  with  some  other  re- 
lationship. 

Another  pair  of  quasars  from  a  north- 
ern survey  by  Arp  with  the  Palomar 
Schmidt  and  5-meter  reflector,  is  shown 
in  Fig.  45.  Here  the  pair  is  about  3.'6 
apart  and  so  different  in  redshift  (z  - 


1.25  and  z  =  1.26)  that  they  could  not 
be  produced  by  a  gravitational  lens.  But, 
again,  their  spectra  are  so  similar  as  to 
suggest  some  relationship  between  them. 
The  absorption  lines  already  seen  to  be 
present  in  both  systems  will  be  decisive 
in  determining  the  nature  of  these  two 
quasars. 


OBSERVATIONAL   COSMOLOGY 


A  New  Determination 

of  the  Age  of  the  Universe 

(The  Hubble  Constant) 

Allan  Sandage 

Two  of  the  most  powerful  tests  of  the 
view  that  the  universe  was  formed  in  a 
creation  event  are  (1)  whether  the  gal- 
axies are  fixed*  in  an  expanding  manifold 
within  which  the  law  of  expansion  is  lin- 
ear (i.e.,  galaxies  twice  as  distant  from 
us  as  others  are  receding  twice  as  fast) 
and  (2)  whether  the  age  of  the  event, 
determined  from  the  rate  of  the  expan- 
sion, closely  agrees  with  the  age  of  the 
oldest  stars  in  our  Galaxy. 

The  first  point — on  the  form  of  the  ex- 
pansion— is  important  because  a  linear 
relation  between  velocity  and  distance  is 
the  only  law  for  which  three  necessary 
requirements  for  any  rational  world- view 
are  satisfied:  (1)  every  observer  in  the 
manifold  sees  the  expansion  to  have  the 
same  form  at  all  distances  as  does  every 
observer  at  every  other  place,  (2)  every 
observer  everywhere  in  the  manifold  ap- 
pears to  be  at  the  center  of  the  expansion, 
and  (3)  only  the  linear  velocity  field  ad- 
mits of  a  singularity  in  space  and  time 
(i.e.,  reversing  all  velocities  brings  all 
points  to  a  common  origin  at  a  common 

*"Fixed"  here  neglects  the  random  and  per- 
turbed motions  of  galaxies  caused  by  the  local  non- 
uniform distribution  (dumpiness)  of  matter. 
Although  these  motions  are  small  compared  with 
the  general  expansion,  their  measurement  is  an 
important  current  problem  because  they  lead  di- 
rectly to  the  deceleration  of  the  expansion  and  hence 
to  the  intrinsic  geometry  of  space  it,self. 


time — clearly  a  requirement  for  a  Big 
Bang  creation  event). 

The  second  point — on  the  agreement 
of  time  scales — could  not  be  expected  if 
the  universe  has  existed  forever,  but  is 
a  requirement  if  it  was  created,  provided 
that  the  galaxies  formed  soon  thereafter. 

Parts  of  these  two  crucial  ideas  on  form 
of  the  expansion  and  on  ages  have  been 
known  since  the  1930's  when  Hubble  dis- 
covered and  first  measured  the  expan- 
sion rate,  but  controversy  still  surrounds 
the  exactness  with  which  these  ideas  can 
be  maintained. 

There  is  now  little  doubt  about  the 
large-scale  linearity  of  the  expansion  law. 
It  has  been  extensively  tested  over  the 
past  fifty  years  using  galaxies  in  great 
clusters,  where  there  are  reasons  to  be- 
lieve that  we  are  dealing  with  a  nearly 
fixed  absolute  luminosity  for  the  bright- 
est cluster  galaxy  and  hence  that  deter- 
mination of  relative  cluster  distances  is 
reliable.  Work  does  remain,  however,  on 
the  deviations  from  linearity  of  the  very 
local  velocity  field  due  to  the  gravita- 
tional field  of  the  core  of  the  great  nearby 
Virgo  cluster  and  its  envelope.  This  work 
will  be  described  in  a  later  section  deal- 
ing with  the  continuing  measurement  of 
the  deceleration  parameter  q0. 

The  most  controversy  still  centers  on 
the  time  scale,  namely  on  the  measure- 
ment of  the  expansion  rate  itself  and 
therefore  on  the  value  of  the  Hubble  con- 
stant. In  a  close  collaboration  with  Gus- 
tav  A.  Tammann  (University  of  Basel, 
Switzerland),  work  on  the  value  of  the 
Hubble   constant   since    1963   has   pro- 
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ceeded  in  steps,  beginning  with  the  re- 
calibration  of  the  Cepheid  period- 
luminosity  relation  (Astrophys.  J.,  157, 
683,  1969),  the  measurement  of  Cepheid 
variables  beyond  the  Local  Group  in  NGC 
2403  of  the  M81  group  (Astrophys.  J., 
151,  825,  1968),  and  the  use  of  luminosity 
indicators  brighter  than  Cepheids  to  ex- 
tend the  distance  scale  to  expansion  ve- 
locities of  —5000  km  s_1. 

From  the  work  completed  by  1976, 
Sandage  and  Tammann  concluded  (As- 
trophys. J.,  210,  7,  1976)  that 


H0  =  50  ±  4a  km  s"1  Mpc 


However,  since  1976,  certain  difficul- 
ties, both  real  and  imagined,  have  been 
pointed  out  in  the  last  steps  of  the  chain 
of  measurements  needed  to  reach  these 
results,  and  the  value  of  H0  =  50  has 
been  challenged  by  three  outside  groups. 
Of  particular  importance  is  the  measure- 
ment of  H0  made  by  a  team  headed  by 
Marc  Aaronson  (University  of  Arizona) 
using  a  new  method  based  on  a  Tully- 
Fisher  relation  between  rotational  ve- 
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Fig.  46.  Deep  print  of  the  highly  resolved  galaxy  NGC  4395,  which  is  at  the  same  distance  as  NGC 
4214,  in  which  the  supernova  1954a  appeared.  Resolution  into  individual  stars  is  pronounced.  Print  is 
from  a  blue  plate  taken  with  the  Palomar  5-meter  reflector  in  1965. 
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locity  and  absolute  infrared  luminosity  of 
various  galaxies.  In  a  series  of  papers 
(see  Astrophys.  J.,  239,  12,  1980),  they 
produce  various  values  but,  in  the  cited 
reference,  they  list 

H0  =  95  ±  5  kms"1  Mpc-1, 

which  gives  the  very  short  time  scale  of 
10  x  109  years  for  the  age  of  the  uni- 
verse. 

This  work,  because  of  its  apparent 
power,  is  the  most  serious  challenge  to 
the  1976  distance  scale  that  gave  H0  = 
50.  In  view  of  this,  Sandage  and  Tam- 
mann  have  reexamined  the  last  steps  of 
their  calibration,  have  considered  again 
the  observational  bias  of  their  earlier  data 
samples,  have  developed  a  new  method 
to  obtain  distances  between  3000  and 
10,000  km  s~2  (based  on  supernovae  and 
believed  to  be  free  of  observational- 
selection  effects),  have  calibrated  this  new 
method  using  local  galaxies,  and  have 
again  obtained  (Astrophys.  J.,  256,  339, 
1982) 

H0  =  50  ±  7kms"'  Mpc"1. 

As  described  in  previous  Year  Books, 
the  method  uses  the  apparent  magni- 
tudes of  the  brightest  resolved  red  su- 
pergiant  stars  in  galaxies  of  late  type, 
such  as  Sc,  Sd,  Sm,  and  Im.  The  absolute 
luminosities  of  the  brightest  of  these  su- 
pergiants  were  previously  found  to  be 
remarkably  constant  from  galaxy  to  gal- 
axy (Astrophys.  J.,  191,  603,  1974),  and 
the  most  recent  calibration,  using  new 
data  on  Cepheid  distances  to  resolved 
galaxies,  gives  Mv(3)  =  -7.72  ±  0.17a 
mag  for  the  mean  absolute  visual  mag- 
nitude of  the  first  three  brightest  red  su- 
pergiants. 

With  this  value,  distances  have  been 
obtained  to  two  nearby  resolved  galax- 
ies, IC  4182  and  NGC  4214,  by  identi- 
fying their  brightest  red  supergiants  and 
measuring  the  apparent  magnitudes.  A 
nearby  companion  to  NGC  4214  (NGC 
4395)  was  also  measured,  as  it  was  more 


easily  resolved  than  NGC  4214.  The  high 
resolution  of  this  galaxy  into  stars  is  shown 
in  Fig.  46.  The  resulting  distances  of  D 
=  4.4  Mpc  to  IC  4182  and  D  =  6.1  Mpc 
to  NGC  4214  and  NGC  4395  are  thought 
to  be  accurate  to  ~  ±  15%. 

The  importance  of  these  particular  gal- 
axies is  that  they  produced  two  well- 
studied  type  I  supernovae  (1937c  for  IC 
4182  and  1954a  for  NGC  4214).  Hence, 
by  knowing  their  distances,  one  can  cal- 
ibrate the  absolute  magnitudes  of  these 
supernovae. 

It  has  become  clear  that  supernovae 
of  type  I  are  good  standard  candles.  The 
evidence  from  the  velocity-distance  re- 
lation for  16  SN  I  themselves  is  shown 
in  Fig.  47,  where  the  horizontal  scatter 
of  the  points  about  the  theoretical  line  of 
slope  5  measures  the  dispersion  in  ab- 
solute magnitude.  The  second  piece  of 
evidence  is  from  the  infrared  observa- 
tions of  three  SN  I  discussed  in  this  Re- 
port by  Persson  (p.  609). 

Using  the  distances  to  IC  4182  and  NGC 
4214  (calculated  from  their  red  super- 
giants),  we  calibrate  the  mean  absolute 
luminosity  of  SN  I  at  maximum  light  to 
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Fig.  47.  The  Hubble  diagram  for  16  type  I  su- 
pernovae at  maximum  blue  light.  The  Virgo  cluster 
point  contains  six  SN  I,  while  the  Coma  cluster 
point  contains  five.  The  close  agreement  of  the  points 
with  the  line  of  slope  5  certifies  SN  I  as  standard 
candles. 
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be(MB(max))SN1  =  -19.74  ±  0.19,  which 
in  turn  calibrates  the  velocity-apparent 
magnitude  diagram  of  Fig.  47  to  give 

H0  =  50  ±  7kms"1Mpc-1, 

oriV1  =  (19.4  ±  2.18)  x  109  years  for 
the  age  of  the  universe. 

The  method  is  direct,  as  it  is  tied  im- 
mediately to  Cepheid  distances  to  very 
nearby  galaxies  that  are  themselves  the 
calibrators  of  the  red  supergiants. 

Because  of  the  straightforward  nature 
of  the  method,  it  is  satisfying  that  the 
age  of  the  universe  determined  in  this 
way  agrees  with  the  age  of  the  globular 
clusters  of  (17  ±  2)  x  109  years  reported 
last  year  (Year  Book  80,  p.  610,  and  in 
the  Astrophys.  J.,  252,  553,  1982).  How- 
ever, at  the  moment,  there  is  no  detailed 
understanding  why  the  Aaronson  et  al. 
distance  scale  using  the  Tully-Fisher 
method  continues  to  disagree  with  all  of 
the  direct  methods  that  give  H0  =  50.  A 
summary  and  critique  of  the  current  sta- 
tus of  these  and  other  methods  to  obtain 
H0  was  given  by  Sandage  and  Tammann 
at  the  Vatican  Study  Week  on  "Cosmol- 
ogy and  Fundamental  Physics"  held  at 
the  Vatican  in  September  1981  (Astro- 
nomical Institute  of  the  University  of 
Basel,  Preprint  No.  3);  although  sugges- 
tions were  made  there  of  where  the  prob- 
lems may  lie,  it  cannot  yet  be  shown  how 
to  reconcile  the  factor-of-two  discrep- 
ancy between  the  various  methods. 


The  Gravitational  Deceleration 

of  the  Universe  and  the  Infall 

Velocity  toward  the  Virgo 

Cluster 

Allan  Sandage 

Because  of  the  nonuniform  distribu- 
tion of  mass  within  20  Mpc  of  the  Galaxy 
due  to  the  core  of  the  local  Virgo  cluster 
and  its  extended  envelope,  an  ideal,  lin- 


ear velocity-distance  relation  (i.e.,  a  per- 
fect Friedmann  flow)  is  expected  to  be 
perturbed.  The  amount  of  the  pertur- 
bation measures  the  ratio  of  the  energy 
of  the  gravitational  field  due  to  the  over- 
density  of  the  Virgo  cluster  (relative  to 
the  mean  density  of  the  universe)  to  the 
kinetic  energy  of  the  expansion.  From 
this  ratio,  the  global  value  of  the  dece- 
leration parameter  q0  can  be  found,  from 
which  the  eschatology  of  the  universe  fol- 
lows. This,  of  course,  is  why  the  search 
for  q0  has  had  such  special  appeal  since 
it  began  in  the  1950's. 

Before  1972,  the  principal  method  used 
to  find  q0  was  to  observe  the  highest- 
redshift  objects  (i.e.,  the  most  distant) 
in  order  to  measure  the  deceleration  di- 
rectly by  using  the  large  look-back  times 
to  compare  velocities  "then"  with  veloc- 
ities "now."  However,  because  of  inher- 
ent fundamental  difficulties  connected 
with  luminosity  changes  of  the  galaxies 
with  time  as  they  evolve,  the  emphasis 
since  1972  has  shifted  to  local  methods 
that  attempt  to  weigh  the  Virgo  cluster 
by  measuring  the  velocity  perturbations 
caused  by  it. 

The  measurement  has  proved  to  be  dif- 
ficult. The  effect  is  small;  furthermore, 
statistical  methods  must  be  used  because 
accurate  distances  of  most  of  the  indi- 
vidual galaxies  are  not  known. 

But  precisely  because  the  effect  is  small, 
upper  limits  can  be  put  on  q(J  most  simply 
from  the  agreement  of  the  apparent  mag- 
nitude of  the  brightest  Virgo  cluster  E 
galaxy  with  the  ridge  line  of  the  velocity- 
apparent  magnitude  (Hubble)  diagram, 
brought  in  from  larger  distances.  This 
early  result  suggested  that  q0<<  V2,  and 
therefore  that  the  universe  would  ex- 
pand forever. 

Recent  work  on  the  velocity  pertur- 
bation due  to  the  Virgo  cluster  has  been 
concerned  with  measuring  our  Galaxy's 
infall  velocity  toward  Virgo.  A  variety 
of  methods  now  exist.  Although  the  re- 
sults of  the  various  groups  are  still  con- 
tradictory, all  put  the  infall  to  be  below 
Vvc  =  450  km  s-1,  and  most  values  cen- 
ter about  250  km  s"1.  Such  low  values 
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Fig.  48.  The  velocity-distance  relation  for  very  nearby  galaxies,  together  with  distances  for  the  Virgo 
and  Fornax  clusters  (put  at  their  supernova  distances,  as  described  in  the  text).  Three  values  of  the 
infall  velocity  to  Virgo  (V(,e)  are  shown.  The  right-hand  panels  include  the  gravitational  effect  of  the 
Local  Group,  which  is  nearly  negligible. 
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again  mean  that  q0  is  well  below*  the 
critical  value  of  V2. 

With  completion  of  the  radial  velocity 
coverage  of  A  Revised  Shapley-Ames 
Catalog  of  Bright  Galaxies  (Sandage  and 
Tammann,  Carnegie  Inst.  Wash.  Publ. 
635,  1981),  a  new  solution  for  the  infall 
velocity  has  been  made  by  Yahil,  San- 
dage, and  Tammann  ("The  Deceleration 
of  Nearby  Galaxies,"  in  Physical  Cos- 
mology, Balian  et  al.,  eds.,  North-Hol- 
land Publishing  Company,  p.  127,  1980) 
and  by  Yahil  (Ramaty  and  Jones,  eds., 
Tenth  Texas  Symposium  on  Relativistic 
Astrophysics,  The  New  York  Academy 
of  Sciences,  p.  169,  1981),  giving 

Vvc  =  220  ±  75kms"1. 
Another  method  using  the  Hubble  dia- 


*  However,  it  must  be  emphasized  that  there  may 
indeed  be  much  missing  mass  distributed  uniformly 
(i.e.,  not  as  visible  galaxies),  which  would  make 
this  present  local  method  invalid.  For  q0  to  be  greater 
than  V2  so  as  to  close  the  universe  (and  hence  to 
agree  with  II  Peter  3:10-12),  one  needs  to  find  —10 
times  more  mass  than  is  presently  observed  in  the 
galaxies  themselves. 


gram  itself,  both  for  cluster  E  galaxies 
and  for  type  I  supernovae  (see  Astro- 
phys.  J.,  256,  339,  1982),  gives  -120  km 
s"1  from  an  analysis  with  Tammann. 

Finally,  by  considering  the  very  local 
Hubble  diagram  for  resolved  nearby  gal- 
axies, supplemented  by  the  supernovae 
distances  to  the  Virgo  and  Fornax  clus- 
ters, Sandage  and  Tammann  (Astronom- 
ical Institute  of  the  University  of  Basel, 
Preprint  No.  3,  Vatican  Study  Week  1981: 
"Cosmology  and  Fundamental  Physics" 
§IV,  fig.  23)  obtain 


V„r  =  200 


■50  km  s 


found  by  varying  Vvc  and  minimizing  the 
scatter  in  the  Hubble  diagram,  as  shown 
in  Fig.  48. 

Given  the  caveat  of  the  footnote  in  this 
essay,  this  small  value  leads  to 

q0  -  0.05  ±  0.04, 

which,  again,  from  these  particular  data, 
means  that  the  universe  is  open,  that  it 
will  expand  forever,  and  that  expansion 
has  happened  only  once. 


BRIEF   REPORTS 


Solar  Physics 

Synoptic  observations  of  the  Sun  con- 
tinued during  the  year  at  the  two  solar 
tower  telescopes  at  Mount  Wilson.  This 
program,  which  was  initiated  early  in  the 
century  upon  the  founding  of  the  Mount 
Wilson  Observatory,  now  includes  pho- 
toelectric magnetograms  as  well  as  pho- 
tographs and  hand-drawn  sunspot  maps. 
This  collection  represents  one  of  the 
longest  and  most  complete  such  data  bases 
in  existence.  It  is  used  extensively  in  re- 
search into  the  nature  of  solar  activity 
by  investigators  here  and  at  other  ob- 
servatories. During  the  interval  from  July 
1,  1981,  to  June  30,  1982,  the  following 
observations  were  obtained: 


Direct  photographs 254 

H  spectroheliograms,  9-meter 

focus  463 

K-line  spectroheliograms,  9- 

meter  focus 477 

Full-disk  magnetograms  294 

Integrated-light  magnetic  field 

measures   202 

Sunspot  drawings  302 

Sunspot  magnetic  field  mea- 
surements           282 

Altogether,  observations  of  the  Sun 
were  made  on  a  total  of  311  days  during 
this  interval. 

The  daily  full-disk  magnetograms  con- 
tinue to  be  published  along  with  the  sun- 
spot  data  by  the  National  Oceanic  and 
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Atmospheric  Administration  in  the 
monthly  bulletin  Solar-Geophysical  Data. 
Synoptic  charts  made  from  the  daily 
magnetic  data  continue  to  be  published 
by  the  International  Astronomical  Union 
in  the  Quarterly  Bulletin  on  Solar  Ac- 
tivity. 

The  solar-direct  (white-light)  plate  col- 
lection dates  back  to  1916  from  the  60- 
foot  tower  telescope  and  to  1905  from  the 
Snow  telescope.  This  magnificent  collec- 
tion provides  us  with  a  unique  opportu- 
nity to  examine  a  uniform  data  set  to 
determine  possible  changes  in  the  solar 
diameter  and  to  study  sunspot  distribu- 
tion, areas,  and  rotation  rates.  Howard 
is  collaborating  with  Peter  C.  Gilman 
(High  Altitude  Observatory,  National 
Center  for  Atmospheric  Research)  in  this 
program.  A  number  of  claims  of  solar 
diameter  variations  have  appeared  in  the 
literature  in  recent  years.  It  is  expected 
that  the  Mount  Wilson  solar  plate  collec- 
tion contains  enough  information  to  re- 
solve some  conflicting  claims  as  to  the 
behavior  of  the  solar  diameter  in  this  cen- 
tury. Also,  it  will  contribute  information 
about  the  solar  cycle,  the  behavior  of  so- 
lar rotation,  and  the  dynamics  of  the  so- 
lar interior  layers  to  which  the  sunspot 
magnetic  fields  are  linked.  The  measure- 
ments, which  were  about  half  completed 
at  the  end  of  this  report  period,  are  being 
made  by  Pamela  Gilman  (MWLCO)  on  a 
two-dimensional  digitized  measuring 
machine,  which  is  linked  to  the  VAX 
computer  through  an  ordinary  computer 
terminal.  This  program  should  be  com- 
pleted during  the  next  year. 

Howard,  in  collaboration  with  Barry 
J.  LaBonte  (Institute  for  Astronomy, 
University  of  Hawaii),  has  studied  the 
relationship  of  the  torsional  oscillations 
in  solar  rotation,  discovered  two  years 
ago  from  the  Mount  Wilson  magneto- 
graph  data,  and  solar  activity.  The  am- 
plitude of  the  torsional  shear  is  found  to 
increase  two  or  three  years  before  an 
increase  in  solar  activity.  This  behavior 
has  been  seen  for  the  two  solar  maxima 
covered  so  far  by  the  velocity  data.  The 
correlation  is  particularly  strong  for  the 


fast-flowing  zones,  which  seem  to  be 
physically  the  most  important  of  the  two 
types  of  flow.  There  is  a  good  positive 
correlation  between  the  amplitudes  of  the 
fast  and  of  the  slow  zones  in  the  north 
and  south  hemispheres,  which  implies  a 
deep  subsurface  connection  relating  the 
dynamics,  and  perhaps  the  activity,  in 
the  two  hemispheres. 

One  method  of  detecting  extra-solar 
planetary  systems  requires  high-preci- 
sion measurements  of  the  associated  star's 
radial  velocity.  Cyclic  variations  of  the 
radial  velocity  can  be  interpreted  as  the 
result  of  a  planetary  companion.  How- 
ever, intrinsic  variations  of  the  stellar 
surface  velocity  fields  might  also  result 
in  cyclic  radial  velocity  variations  and  er- 
roneously be  interpreted  as  evidence  of 
such  a  companion.  To  determine  the  na- 
ture of  possible  intrinsic  stellar  velocity 
fields,  Howard  and  Bruning  have  begun 
an  investigation  using  integrated  sun- 
light. Since  the  radial  velocity  variations 
may  have  time  scales  from  days  to  months 
or  longer,  a  reproducible  wavelength  ref- 
erence point  must  be  introduced.  For  this 
purpose,  an  iodine  absorption  cell  has  been 
installed  at  the  spectrograph  of  the  150- 
foot  solar  tower  telescope.  Observations 
of  integrated  sunlight  have  been  started. 
A  bonus  from  the  installation  of  the 
wavelength  calibration  reference  is  that 
more-accurate  measurements  of  the  so- 
lar surface  velocity  fields  themselves  are 
being  obtained. 

Wallenhorst  has  continued  the  work 
begun  last  year  with  Howard  on  the  be- 
havior of  magnetic  fluxes  from  solar  ac- 
tive regions  near  the  time  of  sunspot 
disappearance.  Detailed  observations  of 
a  disappearing  spot  were  obtained  in  a 
joint  observing  project  between  Mount 
Wilson  and  the  Big  Bear  Solar  Obser- 
vatory. Wallenhorst  and  Kenneth  Topka 
(CalTech)  report  that  as  a  spot  disap- 
pears the  magnetic  flux  decreases  by 
about  10%  per  day.  In  addition,  the  spot 
field  is  observed  to  fragment  as  a  super- 
granule  network  forms.  Both  observa- 
tions are  interpreted  to  be  evidence  of 
the  increasing  role  of  gas  motions  in  the 
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photosphere,  since  a  weakening  field  can 
no  longer  suppress  convection. 

Wallenhorst  has  also  continued  his 
studies  of  heat  flow  in  the  solar  transition 
region-corona.  A  full  energy-balance 
model,  which  includes  the  postulated  ef- 
fects of  enthalpy  carried  by  hot  down- 
ward-flowing material,  is  considered.  It 
is  found  that  the  emission  measures  for 
a  wide  range  of  cases  can  be  accounted 
for  by  this  model.  In  disagreement  with 
standard  conduction-dominated  models, 
Wallenhorst  concludes  that  the  enthalpy 
flux  of  hot  material  may  be  the  dominant 
mechanism  of  downward  heat  transport 
in  the  solar  transition  zone  and  lower  co- 
rona. 

Joseph  L.  Snider  (Oberlin  College) 
worked  at  the  Snow  telescope  on  56  days 
during  the  year.  After  installing  his  own 
atomic-beam  resonance-scattering  ap- 
paratus, he  made  repeated  absolute 
spectroscopic  measurements  of  the  solar 
equatorial  rotation  rate,  continuing  a 
program  begun  at  Oberlin  several  years 
ago.  His  new  method  employs  the  solar 
potassium  line  at  7699  A  and  gives  the 
result  13.8  ±0.3  degrees/day  for  the  sid- 
ereal equatorial  rate,  demonstrating  that 
the  photospheric  gas  does  rotate  more 
slowly  than  sunspots.  Snider  will  con- 
tinue to  make  these  measurements  and 
will  try  to  eliminate  any  possible  re- 
maining systematic  error.  He  also  began 
a  search  for  periodic  variations  in  wave- 
length of  the  potassium  line,  observed 
with  integrated  sunlight,  which  could  arise 
from  global  oscillations  of  the  Sun.  Of 
particular  interest  are  the  oscillations  with 
periods  of  around  five  minutes,  now  being 
studied  at  the  60-foot  tower  telescope  and 
at  other  observatories. 


Stellar  Physics 

Wilson  has  completed  a  study  of  the 
chromospheric  emission  of  the  Ca  II  lines 
H  and  K  and  the  hydrogen  line  He  in  a 
fairly  large  sample  of  giant  stars  of  spec- 
tral types  from  G8  to  early  M  (Astro- 
phys.  J.,  257,  179,  1982).  For  the  bulk  of 
the  class  III  giants,  he  found  that  the 


total  emission  in  H  and  K  and  He  is  con- 
stant over  the  above  spectral  range  with 
respect  to  the  energy  in  the  V  photo- 
metric band.  The  two  Ca  II  lines  to- 
gether emit  about  three  times  as  much 
energy  as  does  He.  However,  there  are 
some  stars  of  late-G  and  early-K  types 
wherein  the  He  emission  is  normal,  but 
the  Ca  II  emission  is  excessive  by  amounts 
up  to  a  factor  of  about  five.  There  are 
also  some  late-K  and  early-M  stars  in 
which  the  Ca  II  emission  is  normal  but 
in  which  the  emission  from  He  is  deficient 
by  various  amounts  extending  to  zero. 
The  reasons  for  these  deviations  are  not 
known. 

Roger  F.  Griffin  and  Rita  E.  M.  Griffin 
(University  of  Cambridge,  England)  used 
the  Mount  Wilson  2.5-meter  telescope  on 
eleven  nights  to  obtain  photographic 
spectrograms  of  stars.  They  largely  com- 
pleted the  material  needed  for  a  photo- 
metric atlas  of  Sirius  from  3200  to  8800 
A.  Noteworthy  are  some  high-resolu- 
tion, low-noise  IV-N  spectra  covering  1400 
A  in  the  infrared  with  20,000  simulta- 
neous resolution  e'ements.  The  Griffins 
also  obtained  exploratory  spectra  at  10 
A/mm  of  some  composite-spectrum  bin- 
aries and  appropriate  standard  stars. 

Christopher  McAlary  (University  of 
Arizona),  in  collaboration  with  Douglas 
Welch,  Barry  Madore,  and  Robert 
McLaren  (University  of  Toronto),  used 
the  infrared  photometer  on  the  Swope  1- 
meter  telescope  at  Las  Campanas  to  be- 
gin the  full-phase  calibration  of  the  new 
JHK  Cepheid  period-luminosity  relation. 
Especially  critical  is  the  determination  of 
the  phase  shift  between  the  optical  and 
infrared  maxima  and  the  precise  ratio  of 
the  amplitudes.  Calibration  of  these  re- 
lations using  bright  galactic  Cepheids  will 
then  be  used  to  correct  single-phase  ex- 
tragalactic  observations  back  to  mean 
light.  Such  techniques  should  lead  to  dis- 
tance moduli  whose  precision  will  exceed 
all  other  determinations  by  a  full  order 
of  magnitude  and  will  be  free  of  the  ef- 
fects of  differential  reddening  and  at- 
mospheric blanketing  variations. 

Frank  Younger  (Dominion  Astrophys- 
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ical  Observatory),  working  in  collabora- 
tion with  Sidney  van  den  Bergh  (Dominion 
Astrophysical  Observatory),  also  used  the 
Swope  telescope  to  obtain  UBV  photo- 
graphs of  fields  centered  on  some  twenty 
southern  Cepheids.  The  purpose  of  the 
investigation  is  to  search  for  stellar  as- 
sociations surrounding  these  fundamen- 
tal distance  indicators.  First  results  of 
their  efforts  are  in  press  {Astrophysical 
Journal). 

David  R.  Soderblom  (Harvard-Smith- 
sonian Center  for  Astrophysics)  used  the 
Mount  Wilson  2.5-meter  telescope  on  six 
nights  to  observe  G  dwarfs  in  the  Pleiades. 
The  Reticon  spectrometer  was  used  on 
the  114-inch  coude  camera  to  achieve  the 
spectral  resolution  needed  to  detect  ro- 
tation in  these  stars.  The  stellar  spectra 
were  cross-correlated  with  a  solar  spec- 
trum to  get  v  sin  i's  for  these  very  young 
main-sequence  stars.  The  average  v  sin 
i  is  about  20  km  s~\  consistent  with  the 
<v>  <*  t~y2  relation  between  rotation 
and  age  that  is  seen  for  older  solar-type 
stars.  Stars  younger  than  the  Pleiades 
also  lose  angular  momentum  as  they  age, 
but  not  at  such  a  high  relative  rate. 

Soderblom  also  observed  a  few  halo- 
population  stars  in  which  Spite  and  Spite 
have  recently  observed  large  lithium 
abundances.  Such  old  stars  are  not  ex- 
pected to  have  preserved  their  surface 
lithium,  since  the  Sun  has  so  little.  These 
stars  rotate  as  slowly,  however,  as  ex- 
pected for  their  age.  Upper  limits  to  v 
sin  i  of  6  km  s"1  were  found. 

Thompson,  in  collaboration  with  Doug- 
las Brown  (University  of  Michigan, 
Dearborn)  and  John  D.  Landstreet  (Uni- 
versity of  Western  Ontario),  has  com- 
pleted a  study  of  the  magnetic  fields  of 
a  sample  of  Ap  stars  in  the  Sco-Cen  OB 
association;  and  Thompson,  Ermanno  F. 
Borra  (Universite  Laval),  and  Land- 
street  have  completed  a  study  of  the 
magnetic  fields  of  helium-weak  stars.  The 
data  were  obtained  at  telescopes  of  both 
the  Las  Campanas  and  Palomar  obser- 
vatories by  use  of  the  University  of 
Western  Ontario  Pockels  cell  polarime- 
ter  as  an  H 3  Zeeman  analyzer. 


The  Sco-Cen  data  show  that  the  fre- 
quency of  magnetic  field  strengths  in  the 
Ap  stars  of  this  young  cluster  (age  5  x 
106  years)  is  consistent  with  that  of  a 
complete  sample  of  Northern  Hemi- 
sphere Ap  stars  (Borra  and  Landstreet, 
Astrophys.  J.  Suppl.  Ser.,42,  421, 1980). 
Magnetic  measurements  of  a  sample  of 
helium-weak  and  Ap  stars  in  the  Orion 
OBI  association  (Borra,  Astrophys.  J. 
(Lett),  2U9,  L39,  1981)  had  indicated  that 
the  magnetic  fields  in  these  cluster  stars 
are  stronger  than  those  in  the  Northern 
Hemisphere  sample,  suggesting  that  the 
magnetic  fields  of  chemically  peculiar  stars 
decay  with  a  time  scale  on  the  order  of 
108  years.  The  new  Sco-Cen  Ap  star  data, 
together  with  the  new  data  on  Sco-Cen 
helium- weak  stars,  suggests  an  alter- 
native interpretation:  The  magnetic  field 
strength  is  a  function  of  the  mass  of  a 
star  rather  than  its  age.  The  helium-weak 
stars  have  photometric  spectral  types  of 
B3-B5,  while  the  Ap  stars  in  the  sample 
are  all  later  than  B6.  When  the  Sco-Cen 
and  Orion  data  are  taken  together,  there 
is  a  strong  indication  that  the  magnetic 
fields  of  the  helium-weak  cluster  stars 
are,  on  average,  up  to  three  times 
stronger  than  the  cluster  Ap  stars.  The 
helium- weak  stars  thus  appear  to  form  a 
population  intermediate  between  the 
hotter  helium  strong  stars,  many  of  which 
are  strongly  magnetic,  and  the  cooler  Ap 
stars. 

Thompson  has  obtained  magnetic  ob- 
servations of  the  Ap  star  HD  83368  which 
show  the  star  to  have  a  strong,  reversing 
magnetic  field.  A  least-squares  fit  of  the 
data  to  a  sinusoidal  relation  gives  a  mean 
fit  of  -  20  gauss  with  an  amplitude  of  745 
gauss  and  a  period  of  2.86  days.  This  fit 
is  in  excellent  agreement  with  the  pre- 
dictions of  2.86  days  (with  a  near-zero 
mean  field)  made  by  Kurtz  (University 
of  Cape  Town)  in  a  preprint,  based  upon 
an  "oblique  pulsator"  model  for  the  11.67- 
minute  brightness  variations  observed  in 
this  star. 

Gilles  Fontaine  (Universite  de  Mon- 
treal) and  his  graduate  students  (Pierre 
Lacombe  and  Robert  Lamontagne)  con- 
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tinued  their  photometric  program  on  the 
Mount  Wilson  2.5-meter  telescope. 
Stromgren  colors  were  obtained  for  a 
sample  of  DA  white  dwarfs  in  order  to 
define  (in  the  four-color  system)  the  cor- 
relation between  effective  temperature 
and  variability  observed  in  DA  white 
dwarfs  of  the  ZZ  Ceti  type.  The  ZZ  Ceti 
phenomenon  has  been  interpreted  (Fon- 
taine et  al.,  Astrophys.  J.,  258,  651,  1982) 
as  an  evolutionary  phase  of  all  DA  white 
dwarfs:  As  each  star  evolves  (cools),  it 
eventually  enters  an  instability  strip 
where  it  becomes  pulsationally  unstable 
against  nonradial  modes.  The  Mount  Wil- 
son observations  so  far  obtained  strongly 
support  this  suggestion.  In  addition,  time- 
averaged  colors  were  obtained  for  known 
ZZ  Ceti  stars  for  eventual  atmospheric 
parameter  determinations. 

Sargent  and  Boksenberg  obtained 
spectra  of  the  AM  Herculis-type  mag- 
netic binary  star  2A  0311-227,  also  known 
as  EF  Eridani,  on  two  nights — October 
30  and  November  7,  1980.  The  system  is 
an  X-ray  source  and  consists  of  an  M- 
dwarf  secondary,  which  is  losing  matter 
through  its  Roche  lobe  onto  an  accretion 
disk,  orbiting  around  a  white  dwarf  whose 
surface  magnetic  field  is  ~107  gauss.  The 
binary  has  a  period  of  81  minutes;  spectra 
were  obtained  every  120  seconds  over 
three  orbits  on  each  of  the  two  nights 
with  the  Shectman  Reticon  spectrometer 
on  the  du  Pont  telescope.  The  spectra 
had  a  resolution  of  1  A  and  covered 
XA.41 10-5050.  A  previous  study  of  the 
system  by  Crampton,  Cowley,  and 
Hutchings  (Astrophys.  J.,  2U3,  567,  1981), 
using  photographic  image-tube  spectra, 
found  periodic,  rapidly  moving  compo- 
nents in  the  emission  lines  with  periods 
different  from  the  orbital  period.  The 
components  were  interpreted  as  arising 
from  four  gas  streams  descending  onto  a 
magnetic  white  dwarf  along  the  field  lines 
of  a  "magnetic  quadruple." 

The  Las  Campanas  spectra  were  ana- 
lyzed by  Young  and  Schneider  and  the 
results  were  published  in  Astrophys.  J., 
252,  269,  1982.  It  was  found  that  the 
emission  lines,  which  come  from  the  gas 


streams  in  the  binary,  are  distinctly  var- 
iable from  cycle  to  cycle.  For  about  50% 
of  the  time,  the  lines  consist  of  a  single 
broad  component  (sometimes  with  hints 
of  substructure)  phased  with  the  81-min- 
ute  orbital  period.  At  other  times,  a  sec- 
ond "sharp"  emission  component  appears 
in  all  lines,  but  most  notably  in  He  II 
\4686.  The  sharp  component  has  an  81- 
minute  radial  velocity  period  with  K  — 
600  km  s_1.  It  lags  the  broad  component 
by  55°  in  phase.  Other  components  were 
seen  transiently  but  did  not  reproduce 
from  cycle  to  cycle,  including  a  high- ve- 
locity component  observed  at  + 1200  km 
s"1. 

The  authors  were  not  able  to  explain 
the  multiple-emission  components.  They 
cannot  be  due  to  magnetic  effects,  and 
the  sharp  component  has  too  large  a  ve- 
locity to  represent  orbital  motion.  It  is 
suspected  that  they  arise  from  magnet- 
ically funneled  gas  streams,  but  the  au- 
thors cannot  present  a  convincing 
geometry. 

Howard  H.  Lanning  (Mount  Wilson 
Observatory)  is  continuing  his  two-color 
(B,U)  survey  of  the  Galactic  plane.  Fifty 
new  objects  with  moderate  to  large  UV 
excesses  have  been  found  on  three  14  x 
14  inch  Palomar  Schmidt  plates.  Mag- 
nitudes of  these  stars  range  from  B  ~  10 
to  B  ~  21,  with  UV  excesses  from  -0.6 
to  - 1.3.  A  complementary  program  to 
obtain  Stromgren  uvby  colors  of  the  UV 
candidates  was  begun  in  January.  Twenty- 
one  of  the  stars  in  the  previous  list  and 
seven  stars  in  the  new  list  have  been 
observed,  in  an  attempt  to  identify  which 
stars  may  be  white  dwarfs  and  which  ones 
cataclysmic  variables. 

Richard  H.  Stanton  (Jet  Propulsion 
Laboratory)  used  the  Mount  Wilson  1.5- 
meter  telescope  to  measure  the  magni- 
tudes and  colors  of  some  twenty  cata- 
clysmic variables  at  minimum  light.  In 
addition,  he  established  comparison  star 
sequences  in  the  range  14.5  <  V  <  17  for 
these  objects. 

Judith  G.  Cohen  (CalTech)  has  made 
substantial  progress  in  the  analysis  of 
spectra  of  seventy  members  of  the  glob- 
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ular  cluster  Omega  Centauri,  secured 
largely  in  May  1980  at  Las  Campanas. 
Indices  describing  the  strength  of  the  NH, 
CN,  and  CH  bands  have  been  denned. 
In  general,  at  a  given  effective  temper- 
ature and  heavy-element  metallicity, 
strong  CN  is  correlated  with  strong  NH 
and  weak  CO.  Further  analysis  is  pro- 
ceeding in  collaboration  with  Duane  Car- 
bon (Kitt  Peak  National  Observatory), 
who  is  synthesizing  the  molecular  band 
indices  from  theoretical  model  atmos- 
pheres and  molecular  and  atomic  line  lists. 

Observations  of  supergiant  A-  and  F- 
type  stars  in  the  Large  Magellanic  Cloud 
and  the  Small  Magellanic  Cloud  were  ob- 
tained by  D.  Harold  McNamara  (Brigham 
Young  University)  with  the  image-tube 
spectrograph  on  the  2.5-meter  Las  Cam- 
panas telescope  in  the  wavelength  range 
3900-5400  A.  The  purpose  of  the  inves- 
tigation was  to  study  the  chemical  com- 
positions of  the  stars  in  these  two  nearby 
galaxies.  The  study  includes  stars  of  sim- 
ilar spectral  type  over  a  considerable 
range  (3'."0)  of  absolute  magnitude. 

Photometric  observations  (ubvyfi)  of 
the  same  stars  were  secured  with  the  1- 
meter  Las  Campanas  telescope.  Since  the 
chemical  composition  of  the  supergiants 
in  the  LMC  are  very  similar  to  the  su- 
pergiants in  the  Galactic  anticenter  re- 
gion, intrinsic  color  indices  should  prove 
useful  for  both  the  LMC  and  the  Galaxy. 
The  photometry  will  also  be  utilized  to 
calibrate  the  m1  index  in  terms  of  chem- 
ical composition  for  supergiant  stars  in- 
cluding Cepheid  variables. 

On  March  22,  1982,  Arp  and  Jack  W. 
Sulentic  (University  of  Alabama)  discov- 
ered a  type  II  supernova  between  the 
interacting  spiral  galaxies  Karachentsev 
427.  They  were  able  to  obtain  spectra 
with  the  new  CCD  double  spectrograph 
on  the  5-meter  Palomar  reflector.  The 
spectra  are  now  being  prepared  for  pub- 
lication. 

At  Mount  Wilson,  the  spectrum  of  HZ- 
22  was  observed  by  Arthur  Young  and 
Stephen  Wentworth  (San  Diego  State 
University)  on  four  consecutive  nights. 
The  entire  orbital  cycle  was  covered  (P 


=  0.573703  days)  with  a  time  resolution 
of  —20  minutes  and  a  spectral  resolution 
of  0.8  A,  including  the  Ha  line  and  the 
He  I  line  at  A.6678  A.  No  variation  of  the 
equivalent  widths  of  those  temperature- 
sensitive  spectral  lines  was  detected;  this 
result  leads  to  the  conclusion  that  all  the 
light  variation  is  due  to  tidal  distortion 
of  the  primary  star,  resulting  in  an  ex- 
treme departure  from  sphericity.  X-ray 
observations  made  with  the  Einstein  Ob- 
servatory gave  a  null  result,  leading  to 
the  further  conclusion  that  the  compan- 
ion star  is  a  white  dwarf. 

The  Reticon  spectrometer  at  Mount 
Wilson  was  also  used  by  Young  in  col- 
laboration with  Richard  M.  Mielbrecht 
(San  Joaquin  Delta  College)  to  make  ob- 
servations of  the  Ca  II  infrared  triplet 
lines  of  RS  CVn  binaries,  dMe  stars,  and 
single  dwarf  stars  with  active  chromos- 
pheres known  because  of  their  bright  H 
and  K  line  emission  cores.  These  obser- 
vations were  part  of  a  large  collaborative 
effort  with  Andrew  Skumanich  (High  Al- 
titude Observatory)  directed  toward  un- 
derstanding the  radiative  properties, 
energetics,  and  mechanisms  responsible 
for  excessive  chromospheric  activity  in 
some  stars.  These  data,  analyzed  at  the 
High  Altitude  Observatory,  reveal  that 
the  rate  of  radiative  cooling  due  to  the 
infrared  triplet  lines  is  much  greater  in 
binary  systems  than  in  single  stars  with 
comparable  rates  of  radiative  cooling  in 
the  H  and  K  lines.  The  explanation  for 
this  effect  is  not  known. 

The  Interstellar  Medium 

Glenn  J.  White  and  J.  Peter  Phillips 
(Queen  Mary  College,  University  of  Lon- 
don) conducted  a  program  at  Las  Cam- 
panas directed  toward  millimeter  and 
submillimeter  (far-infrared)  heterodyne 
molecular  spectroscopy  of  southern  Gal- 
actic-plane star-formation  regions.  The 
objectives  of  the  survey  were  to  search 
for  and  map,  in  the  X  =  1300  (x  (230  GHz) 
rotational  transition  of  CO,  sources 
showing  evidence  for  rotation,  self-ab- 
sorption, or  optically  thin  emission  in  their 
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spectra.  In  addition,  more  limited  obser- 
vations were  planned  for  the  \  =  1200 
(x  (244  GHz)  rotational  transition  of  CS. 

The  QMC  heterodyne  spectrometer  was 
positioned  at  the  Cassegrain  focus  of  the 
2.5-meter  telescope.  Excellent  perfor- 
mance of  the  detector  was  obtained 
throughout  the  observing  session,  with 
total  system  noise  temperatures  ranging 
from  250-380  K  over  the  range  \  -  1300- 
800  |x.  Sky  transmission  in  the  X  =  850 
(x  window  was  poor  throughout  the  en- 
tire session,  indicating  quite  high  precip- 
itable  water  vapor  levels,  with  typical 
zenith  optical  depths  being  1.0->2.0.  In 
the  \  =  1300  |x  spectral  region,  the  ze- 
nith sky  opacity  was  typically  0.3-0.5 
(—50-70%  zenith  transmission).  The  high 
values  are  undoubtedly  due  to  the  higher 
summertime  precipitable  H20  values. 

The  CO  survey  included  17  southern 
regions  of  star  formation  in  the  Galactic 
plane.  Complex  or  wide-line  profiles  were 
detected  toward  five  sources — Carina, 
RCW  57,  G316.8-0.1,  G326.6  +  0.61, 
G331.5-0.1 — and  self-absorption  was 
detected  toward  RCW  38.  Mapping  data 
were  then  collected  on  Carina,  RCW  38, 
and  RCW  57.  The  RCW  38  self-absorp- 
tion was  detected  to  extend  over  a  sur- 
prisingly large  area  of  the  molecular  cloud, 
and  indicates  dynamical  collapse  of  the 
outer  portions.  The  Carina  object  is  seen 
to  possess  a  compact  high-velocity  wing 
on  its  line  profile,  which  is  probably  re- 
lated to  mass  outflow/ejection  from  a  cen- 
tral luminous  object.  CS  was  detected 
only  in  G322.2  +  0.6.  Radiative  transfer 
modeling  of  the  source  is  best  satisfied 
for  excitation  conditions  nH2  ~  8  x  105 
cm-3  and  a  molecular  abundance  ~  5  x 
10  "n.  These  rather  high  values  support 
the  investigators'  previous  CS  survey  in 
the  northern  Galactic  plane  and  indicate 
that  they  are  starting  to  detect  core-halo 
effects  in  the  objects  which  they  had 
hitherto  assumed  to  be  the  cores  of  the 
molecular  clouds.  The  high  values  also 
indicate  that  the  investigators  are  start- 
ing to  observe  a  new,  high-density  en- 
vironment associated  with  stellar 
formation. 


Fully  sampled  maps  in  the  J  =  2-»l 
rotational  transition  of  CO  at  1.3-mm 
wavelength  with  an  angular  resolution  of 
8  arc  minutes,  and  a  spectral  resolution 
of  2  MHz  (=2.6  km  s"1)  were  made  at 
the  Cassegrain  focus  of  the  Swope  tele- 
scope by  John  E.  Beckman's  Molecular 
Astronomy  Group  (Queen  Mary  College, 
London).  Typical  areas  covered,  in  pe- 
riods of  15-20  hours  per  map,  comprised 
1°  x  1°  fields,  mapped  to  a  limiting  sen- 
sitivity of  100  mK.  Sources  observed  this 
way  included  p  Oph,  NGC  6334,  NGC 
6589,  Mon  R2,  NGC  2068,  and 
G333.6-0.2.  These  maps  are  used  for 
comparison  with  the  extinction  maps,  to 
derive  gas-to-dust  ratios  in  those  parts 
of  the  clouds  where  the  CO  lines  were 
optically  thin,  and  to  obtain  (by  compar- 
ison with  other  data)  gas-to-dust  tem- 
perature ratios  in  those  parts  of  the  clouds 
that  are  optically  thick. 

As  an  adjunct  to  the  study  of  CO  cloud 
complexes,  plates  were  taken  with  the 
Swope  telescope  of  areas  containing  these 
clouds  and  their  associated  H  II  regions. 
Areas  of  sky  centered  on  M17(SW), 
G333.6-0.2,  NGC  6334,  Sgr  B,  R  Cor 
Aus,  M8,  and  p  Oph  were  observed  ei- 
ther in  the  red  (098-04  plates)  or  near 
infrared  (IV  N  plates).  Star-counting 
techniques  have  been  used  to  obtain  dust 
extinction  isophotes.  Technical  difficul- 
ties in  hypersensitizing  the  IV  N  plates 
have  given  us  only  two  regions  for  which 
visual  attenuation  Av  is  derivable  solely 
from  our  own  data;  for  the  rest,  com- 
parisons with  UKSTU  Schmidt  plates 
through  the  V  filter  have  been  used. 

The  Reticon  spectrometer  of  the  du 
Pont  telescope  was  used  to  obtain  visual 
spectra  of  a  number  of  barred  and  normal 
spiral  galaxies,  as  part  of  a  program  to 
determine  their  kinematic  properties  prior 
to  CO  line  observations.  Spectra  of  NGC 
922,  1808,  1566,  1511,  and  289  were  ob- 
tained over  a  grid  of  points  sufficient  to 
determine  dynamically  useful  rotation 
curves,  while  emission  spectra  for  NGC 
1882,  1326,  1783,  1788,  1079,  1291,  and 
175  were  also  measured.  Velocity  infor- 
mation was  derivable  from  Ha,  N  II,  and 


666 


CARNEGIE    INSTITUTION 


S  II  emission.  Although  the  technique 
lacks  the  spatially  continuous  velocity  in- 
formation of  slit  spectroscopy,  it  does 
permit  exploration  of  many  position  an- 
gles. 

The  rotation  curves  thus  far  derived 
support  models  in  which  the  velocity  dis- 
tribution does  not  fall  off  according  to  a 
Keplerian  square  root  law.  Mass-to-lu- 
minosity ratios  as  a  function  of  galacto- 
centric  radii  are  being  prepared  for  the 
galaxies  with  the  aid  of  the  sets  of  pho- 
tometric plates  in  the  V,  R,  and  /  pass- 
bands  obtained  with  the  image  tube 
camera  of  the  Swope  telescope.  The  UK 
"Starlink"  image  processing  system  is 
being  used  to  derive  isophotometric  plots 
from  the  plates,  and  to  derive  integral 
and  differential  luminosity  distributions 
as  functions  of  wavelength.  Included  in 
this  program  are  NGC  1511,  1566,  1808, 
298,  289,  and  922.  Quantification  of  the 
observed  decline  in  luminosity-to-mass 
density  with  radius  is  in  progress. 

The  study  of  regions  of  molecular  clouds 
where  clusters  of  infrared  sources  are 
found  has  been  stimulated  in  recent  years 
by  the  discovery  of  high-velocity  flows 
and  of  extended  regions  of  emission  by 
highly  excited  H2  molecules.  Using  the 
1.5-meter  and  2.5-meter  telescopes  at 
Mount  Wilson,  Daniel  Nadeau  (Univer- 
sity de  Montreal)  and  Thomas  R.  Geballe 
(MWLCO;  United  Kingdom  Infrared 
Telescope  [UKIRT],  University  of  Gron- 
ingen)  have  made  high-spectral-resolu- 
tion (20  km  s"1)  observations  of  H2 
emission  at  a  wavelength  of  2  (xm,  in  the 
direction  of  a  few  molecular  clouds. 

The  line  profiles  of  H2  in  three  of  the 
four  molecular  clouds  investigated  so  far 
are  asymmetric,  the  blue  wing  being 
stronger  than  the  red  one.  When  com- 
pared with  the  line  profiles  of  CO,  this 
asymmetry  is  interpreted  as  an  indica- 
tion that  the  gas  is  flowing  outward  from 
a  central  region;  it  also  gives  a  measure 
of  the  amount  of  dust  present  in  the  out- 
flow. The  measurement  of  very  high  ve- 
locities (up  to  100  km  s_1)  puts  strong 
constraints  on  the  type  of  shock  that  heats 
the  H2  gas.  Theoretical  calculations  have 


shown  that  when  shock  velocities  exceed 
50  km  s"1,  strong  magnetic  fields  are  re- 
quired to  avoid  dissociating  H2  before  it 
has  time  to  emit.  The  measurement  of 
H2  emission,  therefore,  is  found  to  be  an 
excellent  probe  of  the  conditions  preva- 
lent in  regions  of  star  formation  and  of 
the  dynamics  of  this  process. 

Related  studies  of  infrared  emission 
lines  in  protostars,  of  their  immediate 
surroundings,  and  of  compact  H  II  re- 
gions were  continued  by  Persson,  Ge- 
balle, Carol  Lonsdale  (University  of 
California,  Los  Angeles),  John  Lacy 
(CalTech),  Ferdinand  Baas  (University 
of  Leiden),  and  Peter  McGregor 
(MWLCO).  Velocity  profiles  of  the  V  = 
1— »0  0(7)  line  of  molecular  hydrogen  (at 
3.8  |xm)  were  obtained  for  the  high- ve- 
locity flow  region  in  the  Orion  Molecular 
Cloud.  Comparison  of  the  line  profiles  with 
those  of  the  more  heavily  attenuated  S(l) 
line  (at  2. 1  (xm)  measures  the  amount  of 
extinction  within  the  flowing  gas  and  helps 
to  elucidate  the  geometry  of  the  source. 

Several  protostars  and  compact  H  II 
regions  have  been  searched  for  Brackett 
alpha  emission  (from  H  I  at  4.05  |xm), 
and  line  profiles  have  been  obtained.  A 
common  feature  is  a  high- velocity  (—100 
km  s"1)  flow  which  probably  arises  in  a 
wind  close  to  the  central  source  and  is 
related  in  some  way  to  the  larger  scale 
flows  now  under  intensive  study  by  radio 
astronomers. 

Kristen  Sellgren  (CalTech)  is  contin- 
uing to  make  infrared  observations  of  re- 
flection nebulae,  as  part  of  her  Ph.D. 
thesis  research.  Reflection  nebulae  are 
clouds  of  gas  and  dust  illuminated  by 
nearby  bright  stars.  Measurements  of  the 
amount  of  reflected  light  lead  to  im- 
proved knowledge  of  the  size,  distribu- 
tion, and  composition  of  the  dust  grains. 

This  year's  observations  of  reflection 
nebulae  extend  the  wavelength  and  spa- 
tial coverage  of  photometry  previously 
obtained  by  Sellgren  and  Whitcomb  in 
NGC  7023,  and  by  Sellgren  in  NGC  2023 
and  NGC  2068.  Maps  at  2.2  ^m  have  been 
completed  in  all  three  reflection  nebulae, 
as  well  as  a  map  at  1.6  |xm  in  NGC  7023. 
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In  addition,  many  positions  in  the  ne- 
bulae were  observed  at  wavelengths  of 
1.2  and  1.6  |xm.  This  nebular  photome- 
try, obtained  at  Mount  Wilson  with  the 
0.6-meter  telescope,  is  in  the  process  of 
being  analyzed.  In  order  to  correct  the 
nebular  photometry  for  the  contribution 
of  field  stars,  the  nebulae  were  searched 
at  2.2  |xm  with  the  Mount  Wilson  2.5- 
meter  and  1.5-meter  telescopes  for  in- 
frared field  stars,  some  of  which  have  no 
visible  counterpart.  Many  young  pre- 
main-sequence  stars  were  identified  in 
the  nebulae,  either  by  their  irregular 
variability  or  by  their  excess  radiation  in 
the  infrared  from  circumstellar  shells.  The 
first  results  from  the  infrared  photome- 
try indicate  that  the  grains  in  the  in- 
frared reflect  most  of  the  starlight  that 
falls  on  them  and  absorb  very  little.  The 
color  of  the  infrared  reflected  light  rel- 
ative to  the  color  of  the  light  from  the 
central  bright  star  indicates  that  this  is 
because  the  grains  in  the  reflection  ne- 
bulae are  larger  than  expected,  rather 
than  because  of  the  grain  composition. 

Stanley  Whitcomb  and  Jocelyn  Keene 
(CalTech)  have  determined  the  dust  den- 
sity profile  of  the  globule  B361  by  count- 
ing background  stars  and  observing  their 
colors  in  the  near  infrared  (1.2-2.2  (xm). 
A  20-square-arc-minute  region  of  the 
globule  and  a  comparable  area  of  adja- 
cent sky  were  scanned  at  2.2  \xm  to  find 
the  background  stars,  which  were  then 
measured  photometrically  at  /,  H,  and 
K.  By  studying  the  stellar  colors  statis- 
tically, it  is  possible  to  infer  the  dust  den- 
sity profile  of  the  globule. 

Whitcomb  and  Keene  found  that  B361 
has  a  maximum  extinction  ^  8  mag, 
somewhat  higher  than  earlier  estimates. 
They  also  found  that  the  globule  has  con- 
siderable structure  on  scales  of  ~1  arc 
minute,  which  had  not  been  observed  in 
earlier  far-infrared  and  molecular  line 
studies.  Such  structure  could  play  a  sig- 
nificant role  in  the  heating  of  the  cloud 
by  the  interstellar  radiation  field  and  in 
its  appearance  in  molecular  lines. 

Lawrence  H.  Aller  (University  of  Cal- 
ifornia, Los  Angeles)  and  Stanley  J.  Czy- 


zak  (Ohio  State  University)  continued 
their  spectroscopic  investigation  of  weak 
diagnostic  lines  in  a  number  of  planetary 
nebulae. 

Star  Clusters 

J.  Cohen  (CalTech)  has  analyzed  Las 
Campanas  spectra  of  approximately  thirty 
giants  in  six  of  the  metal-rich  nuclear 
globular  clusters.  After  elimination  of 
nonmembers,  abundances  relative  to  47 
Tuc  were  determined  for  these  clusters 
from  the  strong  damped  absorption  lines. 
The  abundance  of  47  Tuc  itself  was  found 
by  forcing  continuity  in  the  relationship 
between  the  metallicities  of  previously 
analyzed  globular  clusters  and  Zinn's  Q39 
parameter  (Astrophys.  J.  Suppl.  Set., 
U2,  19,  1980).  The  most-metal-rich  clus- 
ter of  the  sample  is  NGC  5927,  with  [Fe/ 
H]  about  -0.2  dex  with  respect  to  the 
Sun,  while  47  Tuc  has  Fe/H  =  -  0.8  dex. 

Matthew  Malkan  (CalTech)  has  begun 
analysis  of  a  large  body  of  narrow  and 
broadband  infrared  photometry  of  heav- 
ily reddened  globular  clusters  near  the 
Galactic  center.  The  data,  obtained  with 
the  Las  Campanas  du  Pont  and  Swope 
reflectors,  have  been  used  to  construct  a 
useful  new  reddening-free  metallicity  in- 
dex, QIR,  and  to  determine  reddenings 
accurate  to  ±  0.10  magnitude  in  EB-V. 
Some  of  these  clusters  are  reddened  by 
10  magnitudes  of  visual  extinction  and 
cannot  be  studied  optically.  They  include 
some  that  are  far  more  metal  rich  than 
the  classical  metal-rich  clusters,  such  as 
47  Tuc.  Yet  even  these  do  not  have  the 
same  cool  stellar  population  which  dom- 
inates the  infrared  light  of  elliptical  gal- 
axies. Interestingly,  all  of  the  seven 
known  X-ray  bursters  reside  in  metal- 
rich  globular  clusters.  Some  of  these  re- 
sults were  published  in  the  International 
Astronomical  Union  Colloquium  No.  68 
(Philip  and  Hayes,  eds.,  Astroyiophysi- 
cal  Parameters  for  Globular  Clusters,  L. 
Davis  Press,  Inc.,  p.  533,  1981). 

Manduca  has  constructed  a  grid  of  the- 
oretical integrated  spectra  for  clusters  of 
stars,  using  a  large  grid  of  synthetic  stel- 
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lar  spectra  (calculated  by  or  in  conjunc- 
tion with  R.  A.  Bell,  University  of 
Maryland)  and  modified  theoretical  iso- 
chrones  from  Ciardullo  and  Demarque 
(Yale  University).  The  model  clusters 
range  from  500  million  years  to  20  billion 
years  in  age  and  from  solar  to  1/100  solar 
metal  abundance.  Integrated  colors  and 
line  indices  on  any  system  can  be  easily 
calculated  for  the  models,  and  the  UBV 
and  uvgr  colors  reproduce  observed  val- 
ues for  Galactic  globular  and  open  clus- 
ters very  well.  These  models  have  been 
used  to  determine  ages  and  metal  abun- 
dances for  the  25  clusters  in  the  Magel- 
lanic Clouds  for  which  Searle  and  Smith 
have  obtained  integrated  spectra  (Year 
Book  80,  p.  608)  by  providing  a  theoret- 
ical calibration  of  the  various  line  indices 
measured.  Strong  correlations  between 
age  and  metal  abundance  and  between 
age  and  cluster  SWB  types  IV- VI I  are 
found,  and  the  metal-enrichment  history 
of  the  Clouds  can  now  be  traced  out  with 
some  clarity. 

These  models  have  also  been  used  to 
synthesize  the  Q39  index  employed  by 
Zinn  to  estimate  the  metal  abundances 
of  Galactic  globular  clusters.  Agreement 
with  Zinn's  empirical  calibration  is  good; 
however,  it  is  found  that  the  type  of  hor- 
izontal branch  (HB)  a  cluster  possesses 
has  a  significant  effect  on  Q39.  For  ex- 
ample, if  two  clusters  have  similar  me- 
tallicities,  but  very  red  and  very  blue 
HB's,  respectively,  the  [Fe/H]  value  de- 
rived via  Q39  and  Zinn's  calibration  will 
be  —0.4  dex  lower  for  the  latter  cluster. 
Thus,  systematic  errors  with  HB  type 
exist  in  the  abundances  derived  with  Q39, 
with  some  important  consequences;  for 
instance,  the  extent  of  the  second-pa- 
rameter phenomenon  in  the  inner  halo  is 
stronger  than  previously  thought. 

Duncan's  research  included  an  inves- 
tigation with  Burton  Jones  (University 
of  California,  Santa  Cruz)  into  the  ques- 
tion of  coeval  star  formation  in  the 
Pleiades.  The  mass  spread  along  the 
Pleiades  main  sequence  is  large  enough 
that,  while  high-mass  stars  are  leaving 
the  main  sequence  at  the  end  of  core  hy- 


drogen burning,  low-mass  stars  should 
still  be  contracting,  i/star  formation  was 
coeval  and  time  scales  for  stellar  evolu- 
tion and  gravitational  contraction  are 
within  about  a  factor  of  two  of  current 
theoretical  estimates.  Such  contracting 
stars  are  not  present  as  expected,  how- 
ever. 

Duncan  and  Jones  have  made  new  es- 
timates of  the  ages  of  a  number  of  Pleiades 
G  and  K  stars  compared  to  the  ages  of 
similar  Hyades  stars.  This  was  done  by 
measuring  the  lithium  abundances  of  the 
stars.  Usually  (Duncan,  Astrophys.  J., 
21+8,  651,  1981),  the  lithium  content  of 
lower-main-sequence  stars  gives  an  in- 
dication of  their  ages.  The  large  disper- 
sion in  lithium  abundance  seen  in  the 
Pleiades  stars  is  consistent  with  a  spread 
in  their  time  of  formation  over  an  inter- 
val three  or  four  times  larger  than  the 
usually  quoted  cluster  age  of  approxi- 
mately 7  x  107  years.  It  was  also  ob- 
served that  the  Pleiades  star  which 
appeared  youngest  on  the  basis  of  its  lith- 
ium abundance  had  much  stronger  Ca  II 
H  and  K  line-core  emission  (another  in- 
dicator of  youth)  than  stars  whose  lith- 
ium indicated  that  they  were  formed 
longer  ago.  A  scenario  in  which  produc- 
tion of  lower-main-sequence  stars  over 
an  extended  period  of  time  is  terminated 
by  the  formation  of  the  upper  main  se- 
quence seems  to  explain  all  the  obser- 
vations. 

Gonzalo  Alcaino  (Isaac  Newton  Insti- 
tute, Santiago,  Chile)  has  continued  his 
photographic  studies  of  globular  clus- 
ters. He  has  used  observations  made  at 
Las  Campanas  to  construct  color-mag- 
nitude diagrams  for  ten  clusters  in  the 
Galaxy  and  for  several  clusters  in  two 
regions  of  the  SMC. 

The  Galaxy 

Albert  E.  Whitford  (University  of  Cal- 
ifornia, Santa  Cruz)  and  R.  Michael  Rich 
(CalTech)  extended  their  study  of  the 
metallicity  of  stars  in  the  nuclear  bulge 
by  observing  the  spectra  of  65  additional 
K  giants  in  the  Baade  window  around 
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NGC  6522  with  the  Reticon  spectrome- 
ter on  the  du  Pont  telescope.  With  a  total 
sample  of  85  bulge  stars,  the  bimodal  dis- 
tribution function  found  in  the  small  in- 
itial sample  (the  majority  were  super- 
metal-rich  stars,  a  separate  minority 
metal-poor)  can  be  better  evaluated  and 
given  adequate  statistical  weight.  The 
reductions  take  account  of  the  effect  of 
both  metallicity  and  temperature  on  line 
strengths,  using  a  calibration  grid  estab- 
lished from  local  and  globular  cluster 
standards  with  abundances  known  from 
high-dispersion  analyses;  J-K  colors  serve 
as  the  temperature  index. 

A  proposed  plan  for  a  mass  metallicity 
survey  covering  a  large  sample  of  giants 
in  several  bulge  fields  was  shown  to  be 
feasible  in  a  test  at  Cerro  Tololo.  Nar- 
row-band magnitudes  from  CCD  pic- 
tures gave  an  Mg  index  measuring  the 
strength  of  the  feature  centered  at  5175 
A;  it  showed  good  correlation  with  the 
abundances  derived  for  selected  bulge 
stars  from  Las  Campanas  spectra. 

Victor  M.  Blanco  and  Betty  M.  Blanco 
(Cerro  Tololo  Inter-American  Observa- 
tory) obtained  direct  blue  and  photovi- 
sual  plates  of  Baade's  window  with  the 
du  Pont  telescope  in  July  1981.  The  plates 
were  calibrated  sensitometrically,  and 
each  was  exposed  with  the  Pickering-Ra- 
cine wedge  attached  to  the  telescope.  Af- 
ter microdensitometric  scanning,  the 
plates  yielded  a  photometric  B,V  se- 
quence that  was  calibrated  at  the  bright 
end  by  classical  photometric  techniques. 
These  sequences  reach  magnitude  19  and 
are  now  being  used  to  measure  the  ap- 
parent magnitudes  of  previously  discov- 
ered and  newly  found  RR  Lyrae  variables. 
The  sequence  magnitudes  agreed  well  and 
had  less  scatter  than  those  obtained  at 
CTIO  with  an  SIT  Vidicon  detector  in  a 
direct  mode. 

A  serendipitous  result  was  that  the 
Pickering-Racine  images  gave  anoma- 
lous results.  This  was  confirmed  inde- 
pendently at  CTIO  and  the  results  were 
published  {Pub.  Astron.  Soc.  Pac,  H, 
201,  1982). 

Gerard  Gilmore  (Royal  Observatory, 


Edinburgh)  has  begun  a  systematic  study 
at  Las  Campanas  of  the  three-dimen- 
sional stellar  distribution  in  the  Galaxy 
using  automated  photometry  of  deep 
photographic  plates  and  the  photometric 
parallax  (the  stellar  absolute  magnitude- 
color  relation)  technique.  Complete  sam- 
ples of  stars  are  measured  and  are  used 
to  derive  both  the  shape  of  the  stellar 
luminosity  function — thereby  determin- 
ing the  stellar  mass  density  in  the  solar 
neighborhood  free  of  kinematic  selection 
effects — and  the  density  variation  in  the 
Galactic  spheroid.  Initial  results,  pri- 
marily from  U.  K.  Schmidt  Telescope 
plates,  have  proven  that  low-mass  stars 
cannot  provide  the  solar  neighborhood 
missing  mass  and  that  the  Galactic 
spheroid  density  law  follows  an  expo- 
nential, with  scale  height  —1.5  kpc  for  1 
=s  z  s£  5  kpc  from  the  Galactic  plane. 
These  stars  are  identified  locally  as  the 
Intermediate  Population  II. 

J.  Pier  (CalTech)  completed  the  pho- 
tometric and  spectroscopic  observations 
of  the  halo  AB  stars  he  began  in  1980 
(Year  Book  80,  p.  642).  Using  the  Swope 
and  du  Pont  telescopes  on  Las  Cam- 
panas, he  has  obtained  photoelectric  UBV 
observations  and  Reticon  spectra  of  a 
sample  of  over  200  stars  selected  from 
Preston  and  Shectman's  survey  for  low- 
metal-abundance  stars  (Year Book  79,  p. 
611).  The  sample  stars  all  lie  well  below 
the  plane  of  the  Milky  Way  in  the  halo 
of  our  Galaxy.  (Their  z  distances  range 
between  -  1  and  -  10  kpc.) 

By  cross-correlating  the  spectra  of  the 
stars  with  those  of  globular  cluster,  blue 
horizontal-branch  (BHB)  stars,  Pier  has 
determined  the  radial  velocities  for  the 
stars  and  has  found  them  to  have  a  high 
(220  km  s  ~  *)  systematic  velocity  relative 
to  the  Sun  in  a  direction  opposite  to  that 
of  the  Sun's  motion  about  the  center  of 
the  Galaxy.  Furthermore,  he  has  found 
that  the  dispersion  in  the  velocities  for 
these  stars  is  quite  high  (100  km  s  _1)  and 
remains  high  as  far  away  from  the  center 
of  the  Galaxy  as  the  sample  reaches  (15 
kpc).  This  finding  lends  additional  sup- 
port to  previous  evidence  that  the  total 
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mass  of  the  Galaxy  extends  to  great  dis- 
tances. The  high-velocity  dispersion 
means  that  these  stars  can,  kinematically 
at  least,  be  identified  with  other  high- 
velocity  constituents  of  the  halo  popu- 
lation, such  as  the  globular  cluster  sys- 
tem, field  RR  Lyrae  stars,  and  the 
extreme  subdwarfs. 

Spectroscopically  and  photometri- 
cally, the  sample  stars  are  indistinguish- 
able from  globular  cluster  BHB  stars. 
They  have  low  abundances  of  calcium  and 
other  heavy  metals,  which  is  again  con- 
sistent with  their  membership  in  the  old 
halo  population.  Most  of  the  stars  of  high 
radial  velocity  show  two  distinct  Ca  II  K 
lines,  one  at  a  redshifted  wavelength  cor- 
responding to  the  velocity  of  the  star  and 
another  narrow  component  at  a  low  ve- 
locity. The  latter  component  is  due  to 
absorption  by  interstellar  calcium  and  has 
a  typical  equivalent  width  of  from  0. 1  to 
0.4  A. 

The  data  that  Pier  has  obtained  for  this 
project  comprise  the  complete  data  set 
for  his  Ph.D.  thesis  in  observational  as- 
tronomy at  CalTech.  He  expects  to  sub- 
mit his  thesis  in  the  fall  of  1982.  This  will 
mark  the  first  CalTech  thesis  to  have  been 
based  principally  upon  observations  ob- 
tained at  Las  Campanas. 

Stetson  has  been  using  the  Reticon 
spectrometers  on  the  2.5-meter  Hooker 
telescope  at  Mount  Wilson  and  the  2.5- 
meter  du  Pont  telescope  at  Las  Cam- 
panas, and  the  photometer  on  the  1-me- 
ter Swope  telescope,  to  obtain  data  for 
several  hundred  suspected  high-velocity 
A-  and  F-type  stars  (Year  Book  80,  p. 
615).  Analysis  of  these  data  is  currently 
under  way,  and  should  lead  to  an  under- 
standing of  the  kinematics,  chemical 
abundances,  and  ages  of  these  interest- 
ing objects. 

Galaxies 

Eduardo  Hardy  (Universite  Laval)  used 
the  1-meter  Swope  telescope  in  Novem- 
ber to  search  for  carbon  stars  in  regions 
of  the  Magellanic  Stream.  He  used  the 
Bowen-Vaughan  grism  at  a  dispersion  of 


1300  A/mm  with  a  Illa-J  +  GG385  com- 
bination looking  for  the  Swan  C2  bands 
at  W4737  and  5165.  Carbon  stars  are  easy 
to  identify  with  this  combination  and  could 
provide  a  reliable  estimate  of  the  dis- 
tance to  a  possible  stellar  counterpart  to 
the  Magellanic  Stream. 

A  total  of  20  square  degrees  in  indi- 
vidual fields  of  1  square  degree  was  cov- 
ered following  the  ridge  of  highest  H  I 
density  from  the  SMC  "wing"  toward  Pal. 
13.  Sanduleak's  candidate  {Pub.  Astron. 
Soc.  Pac,  92,  246,  1980)  was  easily  iden- 
tified. However,  to  the  plate  limit  esti- 
mated at  about  V  —  17,  no  other  reliable 
candidates  were  found.  This  negative  re- 
sult can  be  used  to  place  a  limit  on  the 
stellar  density  and/or  age  of  the  Magel- 
lanic Stream. 

In  the  first  paper  of  a  program  to  in- 
vestigate the  stellar  content  of  Local 
Group  elliptical  galaxies,  Jeremy  Mould 
(Kitt  Peak  National  Observatory),  Kris- 
tian,  and  Gary  S.  Da  Costa  (Yale  Uni- 
versity) have  constructed  a  color- 
magnitude  diagram  for  NGC  147,  a  dwarf 
elliptical  companion  to  M31. 

Photometric  data  were  obtained  in  three 
colors  (V,  R,  and  /)  at  the  Kitt  Peak  4- 
meter  telescope,  using  a  Texas  Instru- 
ments 800  x  800  CCD  of  the  kind  being 
developed  for  the  Space  Telescope.  Mea- 
surements were  made  in  a  field  located 
1  kpc  from  the  nucleus  of  the  galaxy.  The 
color-magnitude  diagram  (/  vs.  V  —  I)  to 
/  —  23  magnitude  shows  a  well-defined 
giant  branch,  indicating  a  stellar  content 
similar  to  Milky  Way  globular  clusters. 
A  quantitative  comparison  between  NGC 
147  and  some  well-studied  globular  clus- 
ters gives  a  mean  metallicity  for  NGC 
147  of  -  1.2  ±  0.2.  In  addition,  the  data 
are  good  enough  to  show  that  the  NGC 
147  giant  branch  has  a  real  width,  sug- 
gesting a  dispersion  of  0.3  dex  in  metal- 
licity. The  value  of  metallicity  found  for 
NGC  147  fits  in  with  an  idea  that  has  been 
frequently  discussed  but  for  which  the 
observational  evidence  has  been  sparse: 
namely,  that  there  is  a  general  correla- 
tion between  mass  and  metallicity  for  el- 
liptical galaxies. 
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Asymptotic,  giant  branch  stars  are  not 
seen  above  the  tip  of  the  red-giant  branch 
of  NGC  147,  in  contrast  to  dwarf  sphe- 
roidal galaxies.  A  simple  calculation  based 
on  this  observation  suggests  that  less  than 
about  10%  of  the  stars  in  NGC  147  are 
younger  than  twelve  billion  years. 

The  results  presented  above  are  based 
on  the  assumption  that  NGC  147  is  at  the 
distance  of  M31.  The  argument,  how- 
ever, can  be  inverted.  If  it  is  assumed 
that  the  stellar  content  of  NGC  147  is 
like  that  of  globular  clusters,  then  the 
distance  can  be  derived.  The  resulting 
value  is  630  ±  50  kpc,  which  is  compat- 
ible with  the  distance  to  M31,  within  the 
combined  uncertainties. 

This  program  illustrates  the  capability 
of  CCD's  for  doing  accurate  photometry 
of  faint  stars  in  crowded  fields  and  thus 
for  extending  techniques  and  results  de- 
veloped for  the  Milky  Way  and  its  com- 
panion galaxies  to  larger  distances. 

W.  L.  W.  Sargent  (CalTech)  began  a 
program  at  Las  Campanas  in  September 
1981  undertaken  jointly  with  Marc  Davis 
(University  of  California,  Berkeley)  to 
measure  accurately  the  redshifts  and 
stellar  velocity  dispersions  of  a  large 
sample  of  bright  galaxies  in  the  South 
Galactic  Hemisphere.  Such  work  would 
complement  the  measurements  of  4000 
redshifts  of  galaxies  brighter  than  mag 
14.5  in  the  Northern  Hemisphere  which 
Davis  and  his  colleagues  have  recently 
completed. 

In  the  first  exploratory  run,  Sargent 
observed  160  galaxies  in  only  four  nights 
with  the  Shectman  Reticon  spectrometer 
on  the  2.5-meter  du  Pont  telescope.  The 
spectra  had  a  resolution  of  4.5  A,  and  a 
slit  2"  x  8"  was  used;  these  values  are 
almost  identical  to  those  used  in  the 
northern  redshift  survey.  Sargent  and 
Davis  intend  to  continue  the  work  by 
measuring  all  1200  galaxies  with  diam- 
eters bigger  than  1  arc  minute  in  the  ESO 
galaxy  catalogs.  At  this  point,  a  diame- 
ter-limited sample  is  being  observed  be- 
cause there  is  no  catalog  of  southern 
galaxy  magnitudes  fainter  than  the  Sha- 
pley-Ames  catalog  (B  =  13.2  mag). 


Arp  and  Barry  F.  Madore  (University 
of  Toronto),  after  seven  years  of  work 
including  time  spent  inspecting  92,646 
galaxies  on  U.  K.  Schmidt  deep  Illa-J 
plates  of  the  Southern  Hemisphere,  are 
now  preparing  for  publication  The  Cat- 
alog of  Southern  Peculiar  Galaxies  and 
Associations;  publication  date  for  the  two- 
volume  set  is  late  1982,  the  publisher  to 
be  Clarke-Irwin  of  Toronto.  Volume  I 
will  give  coordinates  and  descriptions  of 
about  15,000  peculiar  galaxies  and  as- 
sociations. Volume  II  will  contain  pho- 
tographs of  about  1200  of  the  most 
interesting  objects  and  will  serve  for 
photographic  illustration  of  the  various 
classifications  of  peculiar  galaxies  in  the 
study.  The  Catalog  will  contain  the  larg- 
est tabulation  of  abnormal  galaxies  ever 
assembled.  The  classification  will  enable 
calculation,  for  the  first  time,  of  quanti- 
tative statistics  for  different  morpho- 
logical peculiarities.  Many  individual  ex- 
amples of  outstanding  peculiarities  and 
groups  of  graded  peculiarities  will  thus 
be  made  available. 

James  D.  Wray  (University  of  Texas) 
obtained  196  three-color  plates  of  south- 
ern galaxies  with  the  Las  Campanas  1.0- 
meter  telescope,  using  a  Carnegie  two- 
stage  image  intensifier.  He  is  using  this 
material,  together  with  similar  obser- 
vations of  other  galaxies,  to  generate 
interpretable  color  images  for  approxi- 
mately 600  galaxies.  These  images  detail 
the  distribution  of  dominance  of  Popu- 
lation I  and  II  regions  within  each  gal- 
axy. The  preparation  of  this  material  for 
publication  as  a  color  atlas  of  galaxies  is 
supported  by  a  grant  from  the  National 
Science  Foundation. 

Vera  Rubin  and  Bradley  Whitmore 
(Department  of  Terrestrial  Magnetism, 
C.I.W.)  used  the  2.5-meter  du  Pont  tel- 
escope with  the  Reticon  spectrometer  to 
obtain  central  velocity  dispersions  and 
emission-line  strengths  for  two  samples 
of  galaxies.  The  first  sample  was  chosen 
from  the  field  spirals  for  which  Rubin  has 
previously  obtained  extended  emission- 
line  rotation  curves.  Velocities  and  emis- 
sion-line strengths  for  the  nucleus  and 
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knots  at  various  distances  from  the  cen- 
ter of  each  galaxy  have  been  obtained. 
These  will  provide  information  on  the  ra- 
dial variation  of  chemical  properties  of 
spiral  disks. 

A  comparison  of  the  nuclear  absorp- 
tion line  Reticon  velocities  with  the  ve- 
locities determined  from  the  extended 
rotation  curves  gives  an  average  zero- 
point  difference  of  3  km  s  _1,  with  a  stan- 
dard deviation  of  only  25  km  s"1.  The 
excellent  agreement  between  the  stellar 
and  gaseous  velocities  indicates  that  the 
two  components  are  in  equilibrium  with 
respect  to  each  other.  Moreover,  stellar 
velocities  with  accuracies  of  about  20  km 
s"1  can  be  obtained  using  the  Reticon, 
even  with  1-angstrom  pixel  resolution 
needed  to  provide  a  spectral  range  from 
3500  to  7000  A. 

The  second  sample,  from  the  Dressier 
cluster  DC  1842-63,  continues  a  long-term 
project  to  compare  the  physical  proper- 
ties of  field  galaxies  with  galaxies  in  clus- 
ters. By  measuring  rotation  curves, 
velocity  dispersions,  line-strength  gra- 
dients, and  luminosity  profiles,  Rubin  and 
Whitmore  hope  to  determine  how  the 
cluster  environment  has  influenced  the 
structure  and  evolution  of  galaxies. 

J.  Cohen  (CalTech)  used  the  du  Pont 
telescope  to  obtain  spectra  of  the  bright- 
est globular  clusters  around  NGC  5128 
(Centaurus  A).  Interstellar  H  and  K  lines 
were  seen  arising  from  our  Galaxy  as  well 
as  from  gas  in  NGC  5128.  The  gas  in  NGC 
5128  is  moving  several  hundred  km  s  " 1 
faster  than  the  systematic  velocity  and 
is  at  a  distance  of  at  least  15  kpc  from 
the  nucleus.  Details  are  discussed  in  a 
forthcoming  report  in  the  Astrophysical 
Journal. 

Alexei  V.  Filippenko  (CalTech)  and 
Malkan  (CalTech)  are  searching  for  stel- 
lar absorption  lines  in  the  spectra  of  Sey- 
fert  1  galaxies  in  order  to  estimate  what 
fraction  of  the  Seyferts'  light  is  produced 
by  stars.  They  have  obtained  high-res- 
olution, high  signal-to-noise  spectra  with 
the  Reticon  spectrometer  on  the  coude 
spectrograph  of  the  Mount  Wilson  2.5- 
meter  telescope.  In  addition,  they  have 


obtained  nearly  simultaneous  observa- 
tions at  Palomar  with  the  5-meter  mul- 
tichannel spectrophotometer  and  the  1.5- 
meter  Direct  SIT.  These  data  will  yield 
the  first  absolute-flux  estimates  of  the 
stellar  and  nonstellar  components  in  Sey- 
fert  galaxies. 

Analysis  of  the  data  indicates  that  the 
spectra  generally  show  only  very  weak 
(if  any)  absorption  lines,  and  a  prelimi- 
nary calculation  shows  that  at  most  10% 
of  the  nuclear  flux  is  contributed  by  stars. 
If  further  analysis  confirms  this  conclu- 
sion, Filippenko  and  Malkan  will  have 
ruled  out  the  popular  suggestion  that 
thermal  emission  from  hot  dust  produces 
the  infrared  excess  in  their  sample  of 
Seyfert  galaxies.  Instead,  they  will  have 
demonstrated  that  it  probably  comes  from 
a  nonthermal  (but  almost  unpolarized) 
power-law  source  with  a  spectral  slope 
of  approximately  -1,  as  has  been  pre- 
viously suspected  by  many  investiga- 
tors. 

Using  the  Reticon  spectrometers  on 
the  coude  spectrograph  of  the  Mount 
Wilson  2.5-meter  and  on  the  Cassegrain 
spectrograph  of  the  Las  Campanas  2.5- 
meter  as  well  as  the  Palomar  1.5-meter 
SIT  spectrograph,  Filippenko  has  been 
investigating  the  physical  conditions  in 
the  nuclear  regions  of  emission-line  gal- 
axies. Particular  attention  has  been  placed 
on  the  study  of  galaxies  which  show  low- 
luminosity  Seyfert  characteristics  and 
galaxies  which  have  peculiar  emission- 
line  spectra.  Observations  at  low  and  high 
dispersion  are  being  used  to  investigate 
various  emission-line  widths  and  inten- 
sity ratios  in  order  to  quantify  the  pe- 
culiar nuclear  activity  which  he  and  other 
workers  have  recently  discovered  in  many 
of  the  most  prominent  spiral  galaxies. 
Preliminary  reductions  indicate  that  the 
faint  end  of  the  Seyfert  luminosity  func- 
tion is  populated  to  a  much  greater  de- 
gree than  has  previously  been  thought. 
In  fact,  it  appears  as  though  many  bright, 
spatially  resolved  spirals  have  mild  non- 
thermal activity  in  their  nuclei.  This  sug- 
gests that  the  gap  between  Seyferts  and 
"normal"  spirals  is  probably  nonexistent, 
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as  in  the  case  of  QSO's  and  Seyferts. 

Filippenko  has  used  the  Swope  1-me- 
ter reflector  at  Las  Campanas  to  search 
for  small  temporal  variations  in  the  lu- 
minosity of  Seyfert  nuclei  and  BL  Lac- 
ertae  objects.  The  time  scales 
investigated,  which  are  on  the  order  of 
seconds  and  minutes,  have  been  avoided 
in  most  previous  studies.  However,  re- 
cent theoretical  work  indicates  that  tem- 
poral variations  of  this  kind  can  be 
expected  to  occur  if  active  galactic  nuclei 
are  fueled  by  accretion  of  matter  into  a 
massive  central  black  hole.  Further- 
more, R.  Racine  has  in  fact  observed  op- 
tical variations  on  short  time  scales  in  BL 
Lacertae,  and  observations  of  similar 
phenomena  in  other  objects  should  shed 
light  on  the  theoretical  models. 

Although  the  data  have  not  yet  been 
analyzed  for  variations  on  very  short  time 
scales,  Filippenko  notes  that  a  dramatic 
change  in  luminosity  occurred  over  a  pe- 
riod of  only  one  day  in  one  of  the  BL  Lac 
objects.  The  decrease  in  brightness  may 
have  been  larger  than  that  allowed  by 
models  in  which  a  black  hole  is  accreting 
matter  at  a  rate  given  by  the  Eddington 
limit. 

Thompson,  Peter  G.  Martin  (Univer- 
sity of  Toronto),  Jose  Maza  (University 
of  Chile),  and  J.  R.  P.  Angel  (University 
of  Arizona)  have  completed  a  survey  of 
the  linear  polarization  of  99  Seyfert  gal- 
axies. The  data  were  obtained  with  a  va- 
riety of  Pockels  cell  photoelectric 
polarimeters  on  telescopes  in  Canada, 
Chile,  and  the  United  States,  but  with  a 
common  4-arc  second  aperture  and  blue- 
green  (3800-5600  A)  filter.  The  fre- 
quency distribution  of  the  polarization  has 
been  obtained  from  the  data  with  an  it- 
erative technique  (Lucy,  Astron.  J.,  79, 
745,  1974)  which  corrects  for  biases  in- 
troduced by  observational  errors  in  the 
Stokes  parameters,  an  effect  particularly 
important,  since  the  polarization  is  a  pos- 
itive definite  quantity.  Fourteen  of  the 
objects  have  polarization  greater  than 
2.5%,  while  the  rest  have  a  Gaussian-like 
distribution  peaking  at  —0.4%.  An  esti- 
mate of  the  contribution  of  interstellar 


polarization  was  made  by  using  the  ob- 
served galactic  reddening-polarization 
relation  and  a  cosecant  reddening  law. 
The  estimate  indicates  that  the  inter- 
stellar contribution  is  up  to  75%  of  the 
observed  Seyfert  polarization,  and  thus 
little  can  be  said  of  the  source  of  any 
intrinsic  polarization  for  those  objects  in 
the  survey  with  p  :£  1.0%.  The  distri- 
bution of  polarization  for  this  sample  of 
Seyferts  is  similar  to  that  of  QSO's  (see 
Stockman,  in  Proc.  Pittsburgh  Confer- 
ence on  BL  Lac  Objects,  A.  Wolfe,  ed., 
p.  149,  1978)  (when  the  difference  be- 
tween the  two  surveys  of  the  mean  error 
of  an  individual  observation  is  taken  into 
account),  but  the  source  of  polarization 
in  the  highly  polarized  objects  is  clearly 
different  in  the  two  types  of  objects.  The 
observed  polarization  in  highly  polarized 
QSO's  is  apparently  produced  by  a  non- 
thermal mechanism  (Moore  and  Stock- 
man, Astrophys.  J.,  2US,  60,  1981). 
Continuum  and  emission-line  polariza- 
tion observations  for  a  few  objects  in  the 
Seyfert  survey  with  p  >  2.5%  show  that 
the  polarization  is  produced  by  dust,  ei- 
ther by  scattering  by  asymmetrically  dis- 
tributed dust  clouds  or  by  transmission 
through  aligned  dust  grains. 

Thompson  and  Christopher  McAlary 
(University  of  Arizona)  have  observed 
the  [S  II]  XX4072, 10320  emission-line  ra- 
tio in  six  Seyfert  galaxies  in  an  attempt 
to  measure  the  dust  reddening  in  the  for- 
bidden line-emitting  gas  clouds.  The  data 
were  obtained  with  the  double  spectro- 
graph on  the  5-meter  Palomar  telescope. 
Analysis  of  the  data  is  continuing. 

In  collaboration  with  J. -P.  Vigier  and 
E.  Giraud  (Institut  Henri-Poincare, 
Paris),  Arp  and  Sulentic  are  performing 
analyses  of  the  close  pairs  of  galaxies 
called  Karachentsev  pairs.  All  past  eval- 
uations of  redshift  differentials  in  these 
and  other  groups  have  shown  consis- 
tently significant,  yet  unexplained  an- 
omalies. The  French  astronomers  have 
pointed  out  that  in  the  Karachentsev  pairs 
of  spirals,  the  fainter  spirals  are  system- 
atically redshifted.  This  is  important  be- 
cause the  effect  is  again  encountered  but 
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now  in  galaxies  of  the  same  morpholog- 
ical type  from  a  homogeneous  and  inde- 
pendent survey. 

Barry  F.  Madore  and  Wendy  L. 
Freedman  (University  of  Toronto)  used 
the  du  Pont  2.5-meter  telescope  on  five 
nights  to  obtain  nuclear  spectra  and  dif- 
ferential radial  velocities  for  a  sample  of 
nearby  galaxies  and  their  apparent  com- 
panions. This  is  part  of  a  larger  optical 
survey  of  galaxies  to  determine  the  true 
frequency  and  influence  of  low-luminos- 
ity companions  on  the  evolution  of  cen- 
tral galaxies. 

Jorge  Melnick  (University  of  Chile),  in 
collaboration  with  Roberto  Terlevich 
(University  of  Cambridge,  England),  ob- 
tained spectrophotometry  of  a  large 
number  of  isolated  extragalactic  H  II  re- 
gions (H  II  galaxies)  with  redshifts  up  to 
0.3.  The  spectrophotometry  obtained  at 
Las  Campanas  under  excellent  observ- 
ing conditions  will  be  used  to  determine 
the  chemical  abundances  of  these  gal- 
axies and  their  H(3  luminosities.  These 
two  parameters,  combined  with  the  ve- 
locity dispersions,  will  be  used  to  deter- 
mine accurate  distances  to  these  galaxies. 
Thus  the  data  will  provide  important  in- 
formation on  the  chemical  composition  of 
galaxies  at  very  large  redshifts. 

Clusters  of  Galaxies 

Dressier  has  obtained  spectra  of  63  E 
and  SO  galaxies  in  the  Coma  cluster.  The 
spectra  all  have  an  S/N  ratio  of  20  per 
angstrom,  which  is  good  enough  for  the 
measurement  of  velocity  dispersion  and 
the  MG2  index.  In  order  to  compare  the 
relation  between  velocity  dispersion  and 
luminosity  found  for  field  ellipticals  and 
SO's  to  the  data  for  the  Coma  cluster, 
Dressier  has  also  obtained  high-quality 
spectra  for  approximately  25  nearby  el- 
lipticals covering  both  small  and  large 
areas  of  typically  500  x  500  pc  and  2000 
x  2000  pc.  It  is  necessary  to  assess  the 
effect  of  sampling  areas  of  a  galaxy  larger 
than  the  nuclear  region  on  the  relation 
between  velocity  dispersion  and  lumi- 
nosity, since  the  more  distant  Coma  gal- 


axies are  always  sampled  out  to  a  radius 
of  order  1000  pc. 

Dressier  will  use  these  data  to  com- 
pare the  properties  of  cluster  elliptical 
and  SO  galaxies  to  their  counterparts  in 
the  low-density  field.  This  should  provide 
some  insight  into  whether  the  formation 
or  evolution  of  these  systems  in  environ- 
ments of  very  different  density  resulted 
in  significant  dynamical  differences. 
Dressier  also  has  data  for  a  smaller  num- 
ber of  ellipticals  in  the  Fornax  and  Virgo 
clusters  which,  when  compared  to  the 
Coma  sample,  should  provide  some  in- 
formation on  the  infall  of  the  Local  Group 
toward  the  Virgo  cluster. 

In  August  1981,  Kunth  (Institut  d'As- 
trophysique,  Paris)  and  Sargent  began  a 
survey  of  emission-line  objects  discov- 
ered on  two  objective  prism  plates  cen- 
tered on  NGC  55  and  NGC  300, 
respectively,  in  the  Sculptor  group  of 
galaxies.  The  aim  of  this  investigation  is 
to  discover  bright  quasars  which  can  be 
used  as  background  sources  to  look  for 
interstellar  absorption  lines  due  to  the 
Sculptor  group  galaxies  and  to  the  high- 
velocity  hydrogen  clouds  which  have  been 
detected  by  21-cm  emission.  The  other 
aim  is  to  look  for  low-luminosity  emis- 
sion-line galaxies  which  could  be  used  in 
future  studies  of  the  primordial  helium 
abundance.  Because  of  poor  weather, 
spectra  of  only  35  objects  were  obtained; 
they  included  twelve  quasars  and  ten 
emission-line  galaxies,  of  which  two  are 
Seyfert  galaxies. 

Hernan  Quintana  (Catholic  Univer- 
sity, Santiago,  Chile)  and  Jorge  Melnick 
(University  of  Chile,  Santiago)  started  a 
program  of  radial  velocity  determina- 
tions in  clusters  of  galaxies  presenting 
double  X-ray  structures,  using  the  du  Pont 
telescope  and  the  Reticon  spectrometer. 
The  aim  of  the  program  is  to  carry  out  a 
detailed  dynamical  analysis  of  both  clus- 
ter components  to  ascertain  the  evolu- 
tionary state  of  the  cluster.  A  large 
number  of  velocities  in  the  clusters  SC 
0626-547  and  A  1750  were  obtained.  A 
number  of  redshifts  were  also  obtained 
for  some  southern  high-redshift  clusters 
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detected  by  the  Einstein  Observatory  in 
the  guest  program  of  Quintana,  White, 
and  Melnick. 

Holland  Ford  (University  of  Califor- 
nia, Los  Angeles)  and  Richard  Harms 
(University  of  California,  San  Diego)  used 
the  Las  Campanas  1 -meter  telescope  to 
survey  the  supercluster  2306  -  22.  They 
photographed  the  supercluster  with  a  two- 
color  system,  which  is  sensitive  to  red- 
shift.  They  chose  three  slightly  overlap- 
ping fields  to  cover  22  of  25  Abell  clusters 
in  the  direction  of  the  supercluster. 

Quasars 

The  low-redshift  object  0351  +  026  (z 
=  0.036)  was  discovered  by  Chanan, 
Margon,  and  Downes  to  be  an  X-ray 
source,  from  data  taken  with  the  Ein- 
stein orbiting  X-ray  observatory.  It  was 
called  a  quasar  on  the  basis  of  its  typical 
QSO  spectrum  and  its  stellar  appearance 
on  the  Palomar  Sky  Survey.  More  de- 
tailed optical  and  radio  observations  by 
Bothun,  Romanishin,  Margon,  Schom- 
mer,  and  Chanan  showed  a  wealth  of 
complexity  in  comparison  with  typical 
quasars.  The  object  was  found  to  be  ex- 
tended, to  have  a  faint  companion  gal- 
axy, and  to  have  a  very  large  amount  of 
neutral  hydrogen,  with  a  velocity  width 
of  order  1000  km  s"1. 

A  further  round  of  observations,  in- 
cluding improved  radio  observations  and 
spectra,  by  Bothun,  Heckman,  Balick, 
and  Schommer,  and  deep  CCD  pictures 
by  Kristian  and  Mould,  has  produced  a 
clearer  model  of  the  object.  It  consists 
of  two  strongly  interacting  galaxies,  with 
a  morphology  similar  to  exarfiples  seen 
in  Arp's  catalog.  The  brighter  galaxy,  in 
which  the  QSO  is  embedded,  is  very 
modest,  and  the  companion  is  a  dwarf 
galaxy  with  a  luminosity  similar  to  the 
Small  Magellanic  Cloud.  The  two  gal- 
axies are  themselves  embedded  in  a  cloud 
of  nebulosity  containing  high-excitation 
emission-line  gas,  with  a  peak  intensity 
between  the  galaxies,  perhaps  marking 
a  collision  front,  and  spatially  resolved 
velocities  of  hundreds  of  km  s_1.  The  H  I 


velocity  profile  is  resolved  into  two  com- 
ponents, possibly  associated  with  the  two 
galaxies,  and  has  a  striking  resemblance 
to  H  I  profiles  seen  in  strongly  interact- 
ing galaxies  by  Gallagher,  Knapp,  and 
Faber. 

It  is  of  particular  interest  to  note  that 
most  of  this  wealth  of  information  is 
available  only  because  the  distance  of  the 
object  is  so  small.  If  it  were  moved  to  a 
redshift  not  much  larger  than  0. 1 — still 
small  compared  to  almost  all  quasars — 
the  galaxies  would  be  undetectable  by 
present  techniques,  either  spectroscop- 
ically  or  directly,  and  the  object  would 
differ  from  a  typical  quasar  only  in  its 
somewhat  greater  X-ray  luminosity  (by 
which  it  was  selected)  and  in  the  large 
amount  of  H  I.  These  data  are  a  strong 
addition  to  the  growing  body  of  evidence 
that  quasars  are  events  in  the  nuclei  of 
galaxies,  and  raises  speculations  that  at 
least  some  such  events  might  be  trig- 
gered by  galaxy  collisions. 

On  two  runs,  in  November  1980  and 
March  1981,  Sargent,  Boksenberg  (Uni- 
versity College  London),  and  Young  ob- 
tained spectra  of  27  quasars,  all  with  zem 
~  2,  with  the  Reticon  spectrometer  at 
the  Cassegrain  focus  of  the  du  Pont  tel- 
escope. This  work  (published  in  Astro- 
phys.  J.  Suppl.,  A8,  455,  1982)  sheds 
considerable  light  on  the  problem  of  the 
origin  of  QSO  absorption  lines.  The  real- 
time display  on  the  Reticon  was  used  to 
obtain  a  uniform  signal-to-noise  ratio  for 
all  the  spectra  extending  from  just  above 
the  C  IV  X1549  emission  line  down  to 
below  the  Lya  A.  1216  emission  line.  With 
the  addition  of  some  previously  pub- 
lished data,  Young,  Sargent,  and  Bok- 
senberg obtained  an  unbiased, 
homogeneous  sample  of  33  QSO  spectra 
which  could  be  analyzed  statistically.  It 
represents  the  first  such  sample  in  which 
strict,  objective  equivalent- width  limits 
were  applied. 

They  found  that  three  of  the  33  QSO's 
had  broad  absorptions  similar  to  those 
found  in  the  archetypal  object  PHL  5200. 
The  distribution  of  the  C  IV  absorption 
lines  in  those  three  objects  is  markedly 
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nonuniform;  there  is  a  clear  excess  of  ab- 
sorption systems  with  velocities  relative 
to  the  QSO  of  v  <  0.1  c.  This  confirms 
the  generally  held  view  that  the  broad- 
trough  absorptions  in  QSO's  are  due  to 
the  matter  ejected  at  high  speeds  from 
the  QSO's  themselves.  In  the  spectrum 
of  one  of  the  "trough"  objects, 
Q1309-056,  a  new  kind  of  absorption 
system  was  discovered,  one  character- 
ized by  high  ionization  and  by  lines  that 
are  a  few  hundred  km  s"1  wide.  These 
systems  are  also  clearly  produced  by  gas 
ejected  from  the  QSO. 

The  main  result  of  the  study  was  that 
in  the  thirty  QSO's  without  troughs,  the 
C  IV  absorption  systems  are  randomly 
distributed  in  redshift  over  the  observed 
range,  in  a  manner  which  is  entirely  con- 
sistent with  absorption  by  intervening 
galaxies.  In  particular,  contrary  to  pre- 
vious studies,  Young,  Sargent,  and  Bok- 
senberg  did  not  see  a  statistically 
significant  excess  of  absorption  systems 
with  zabs  ~  zem.  An  investigation  of  the 
two-point  correlation  function  in  red- 
shifts  for  the  C  IV  systems  showed  some 
sign  of  an  excess  of  splittings  for  velocity 
differences  v  <  2000  km  s  " 1,  in  a  manner 
consistent  with  that  expected  if  the  pres- 
ent galaxy-galaxy  correlation  function  is 
extrapolated  back  in  cosmic  time  to  z  ~ 
2. 

The  Las  Campanas  observations  also 
enabled  Young,  Sargent,  and  Boksen- 
berg  to  derive  an  accurate  value,  1399.7 
A,  for  the  rest-wavelength  of  the  QSO 
A.  1400  feature  having  half  of  its  flux  from 
Si  IV  and  half  from  O  IV].  The  investi- 
gators also  studied  the  profile  of  the  C 
IV  X1549  emission  line  in  all  the  QSO's 
and  found  it  to  be  generally  quite  asym- 
metric, with  a  pronounced  blue  wing. 

Part  of  the  observing  time  was  used 
to  do  a  separate  study  of  Mg  II  A2800 
absorption  in  low-redshift  QSO's.  The  re- 
sults are  being  analyzed  by  Tytler  (Uni- 
versity College  London)  and  by  Young, 
Sargent,  and  Boksenberg.  While  Mg  II 
absorption  is  not  as  common  as  C  IV  ab- 
sorption, it  is  clear  that  the  distribution 
of  zem  -  zahs  for  the  Mg  II  systems  is 


consistent  with  the  intervening  galaxy 
hypothesis. 

The  unusual  quasi-stellar  object  BL 
Lacertae  was  observed  photometrically 
in  the  J,  H,  and  K  infrared  bands  by 
Richard  W.  Pogge  (CalTech  undergrad- 
uate) using  the  2.5-meter  and  0.61-meter 
telescopes  at  Mount  Wilson  in  Septem- 
ber 1981.  Over  the  entire  observing  pe- 
riod, BL  Lac  was  faint:  the  average  J 
magnitude  was  12.90,  which  is  among  the 
lowest  values  measured  in  the  infrared 
over  the  past  fourteen  years.  The  object 
showed  day-to-day  variations  in  total  flux 
of  —0.20  magnitudes  over  all  three  bands, 
indicating  that  the  object  is  active  even 
when  faint.  The  brightness  variations 
were  not  accompanied  by  changes  in  color. 
The  spectral  color  indices  were:  H  -K  = 
0.88  ±  0.10,  and  J-K  =  1.81  ±  0.12, 
which  are  consistent  with  historical  ob- 
servations. 

Observations  made  on  short  time  scales 
(At  =  4m)  in  the  K  band  (X  -  2.2  |jim) 
with  the  2.5-meter  telescope  (on  Septem- 
ber 15,  1981,  U.T.)  gave  no  evidence  of 
intraday  variations  in  the  flux  of  BL  Lac 
in  excess  of  AmK  =  0.02.  This  observa- 
tion is  consistent  with  similar  results  ob- 
tained by  others  at  visual  wavelengths. 

Instrumentation 

Shectman  has  brought  into  operation 
the  first  of  a  new  series  of  two-dimen- 
sional photon  counters  on  the  double 
spectrograph  of  the  Palomar  5-meter  tel- 
escope. The  new  instrument  accumulates 
the  X  and  Y  positions  of  photon-event 
scintillations  in  a  high-gain  image  inten- 
sifier. 

The  two-dimensional  device  is  similar 
to  its  ancestors,  the  Reticon  spectrom- 
eters, which  were  described  in  Year  Book 
80  (p.  586).  The  Reticons,  however,  can 
sense  the  scintillation  positions  in  only 
one  direction,  corresponding  to  wave- 
length. The  new  detector  can  also  pro- 
duce a  continuous  image  of  the  spectrum 
along  a  slit. 

A  Fairchild  380  x  244  element  CCD 
array  replaces  the  dual  936-element  Re- 
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ticon.  In  order  to  distinguish  two  scin- 
tillations closely  spaced  in  time,  it  is 
important  to  inspect  the  complete  diode 
array  as  frequently  as  possible.  Since  the 
spectrum  rarely  fills  the  full  vertical  for- 
mat of  the  array,  provision  is  made  to 
read  out  as  few  as  31  of  the  CCD  lines. 
Even  in  this  reduced  mode,  the  diodes 
must  be  inspected  at  a  15-MHz  rate  in 
order  to  complete  the  inspection  of  a  380 
x  31  format  in  one  millisecond.  The  com- 
parable frame  rate  for  the  Reticon  spec- 
trometers requires  only  a  2-MHz  diode 
rate. 

The  event  centers  are  located  to  0.25 
diodes  horizontally  and  0.5  diodes  ver- 
tically, giving  rise  to  a  minimum  format 
of  1520  x  62  =  94,240  picture  elements, 
compared  to  7,488  for  the  Reticon  spec- 
trometers. The  event-locating  electron- 
ics and  the  computer  data  system  are 
each  about  three  times  as  complex  as  cor- 
responding parts  of  the  Reticon  detec- 
tors. 

Construction  has  begun  on  two  dupli- 
cates of  the  new  detector,  for  use  at  the 
Palomar  1.5-meter  and  the  Las  Cam- 
panas  2.5-meter  telescopes.  In  the  fu- 
ture, the  horizontal  position  interval  will 
be  reduced  to  0.125  diode,  and  the  com- 
puter memory  will  be  expanded  to  ac- 
cumulate an  image  of  up  to  1.5  million 
picture  elements. 

A  VAX  11/750  computer  has  been  in- 
stalled at  the  Santa  Barbara  Street  of- 
fices. The  new  computer  replaces  the  PDP 
11/34  and  will  make  possible  the  reduc- 
tion of  larger  two-dimensional  images. 

All  of  the  peripheral  disk,  tape,  printer, 
and  terminal  systems  from  the  PDP  11 
have  been  incorporated  into  the  VAX 
computer.  The  new  CPU  has  the  advan- 
tage of  greater  processing  speed  and,  es- 
pecially, a  much  larger  random-access 
memory. 

McGregor  has  developed  extensive 
software  for  the  reduction  of  data  from 
the  Persson-Geballe  infrared  grating 
spectrometer/Fabry-Perot  interferome- 
ter on  the  new  VAX  computer.  As  well 
as  providing  the  usual  arithmetic  manip- 
ulations, the  program  has  facilities  (1)  to 


fit  functions  to  the  laser  interference 
fringes  monitored  during  Fabry-Perot 
observations  and  so  correct  the  data  for 
nonlinearities  and  drifts  in  the  Fabry- 
Perot  sweep  characteristics,  (2)  to  wave- 
length-calibrate Fabry-Perot  data  rela- 
tive to  arc  spectra  using  the  laser 
interference  fringe  spectra  for  positional 
reference,  and  (3)  partially  to  decon- 
volve Fabry-Perot  line-profile  spectra 
from  the  instrumental  response  in  order 
to  estimate  the  functional  forms  of  the 
components  of  the  intrinsic  line  profiles. 
The  reduction  of  a  variety  of  data  ob- 
tained with  the  spectrometer  is  now  un- 
der way  using  these  routines. 

In  connection  with  his  work  on  the  Wide 
Field  Camera  for  the  Space  Telescope, 
Kristian  has  undertaken  a  study  and 
evaluation  of  astronomical  image  pro- 
cessing systems,  and  has  written  an  in- 
teractive system  for  the  VAX  computer 
belonging  to  the  Wide  Field  Camera  team. 

The  diffraction  grating  in  the  75-foot 
(23-meter)  spectrograph  of  the  150-foot 
solar  tower  telescope  was  replaced  on  May 
17,  1982,  with  a  new  replica  grating  on 
our  own  blank,  purchased  from  the  Bausch 
and  Lomb  Co.  The  previous  grating  was 
one  of  the  first  interferometrically  ruled 
gratings  ever  made.  It  was  ruled  by  H.  W. 
Babcock  in  the  Mount  Wilson  grating 
laboratory  in  1962  and  installed  in  the 
same  year.  It  was  an  excellent  grating 
when  it  was  new,  but  years  of  exposure 
to  the  damp  air  of  the  pit  spectrograph 
have  seriously  degraded  its  perfor- 
mance; on  one  occasion  it  was  submerged 
in  water  when  a  well  pump  failed  to  drain 
the  bottom  of  the  pit  during  a  severe  rain 
storm.  The  new  replica  grating,  which 
covers  the  entire  surface  of  a  12-inch- 
diameter  blank,  is  ruled  at  632  grooves 
per  mm,  and  is  blazed  at  57°,  the  fifth- 
order  green.  A  considerable  improve- 
ment has  been  seen  in  the  quality  of  the 
magnetograph  signal  with  the  new  grat- 
ing, and  the  light  intensity  increased  by 
about  a  factor  of  three.  The  grating  is 
installed  in  a  specially  designed  enclo- 
sure at  the  bottom  of  the  pit.  This  box 
is  hermetically  sealed  and  filled  with  dry 
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nitrogen  gas  at  normal  barometric  pres- 
sure for  the  altitude  of  the  mountain  top. 
The  collimated  spectrograph  light  beam 
is  admitted  to  the  enclosure  through  an 
antireflection-coated  flat  glass  window. 
It  is  expected  that  this  novel  enclosure 
will  protect  the  grating  against  deterio- 
ration from  the  harsh  damp  environment 
of  the  pit,  and  also  possibly  prevent  an- 
other accidental  dunking  in  case  of  se- 
vere rain. 

The  spectroheliograph  of  the  60-foot 
tower  telescope  has  been  fitted  with  a 
CID  solid-state  camera  for  studies  of  the 
p-mode  oscillations  of  the  solar  atmos- 
phere. These  wave  motions,  which  clus- 
ter around  five  minutes  in  period,  are 
global  modes  of  oscillation  which  can  be 
studied  to  reveal  information  about  the 
properties  of  the  solar  convection  zone. 
This  program  of  "solar  seismology"  is 
being  carried  out  by  Howard  in  collab- 
oration with  Edward  J.  Rhodes,  Jr. 
(University  of  Southern  California)  and 
Roger  K.  Ulrich  (University  of  Califor- 
nia, Los  Angeles).  As  part  of  the  instru- 
mentation for  these  observations,  a  new 
image  guider  has  been  installed  at  the 
telescope,  and  a  large  computer  (SEL  32/ 
77)  has  been  installed  in  a  room  especially 
constructed  for  it  just  north  of  the  ob- 
serving room.  A  smaller  computer  (LSI 
11)  will  interface  the  CID  camera  with 
the  larger  computer  and  an  array  pro- 
cessor. All  the  components  have  been 
purchased,  and  final  integration  and 
checkout  were  in  progress  at  the  end  of 
this  report  period. 

The  MIT-NRL  optical  interferometer 
is  a  3.4-meter  phase-coherent  stellar  in- 
terferometer designed  to  make  small-an- 
gle astrometric  measurements  with  tens 
of  arc  milliseconds  precision.  During  the 
past  year,  the  instrument  has  been  set 
up  in  a  shed  on  Mount  Wilson.  Optical 
path  lengths  in  the  instrument  must  be 


controlled  to  a  small  fraction  of  a  wave- 
length of  light.  Efforts  have  been  con- 
centrated toward  eliminating  variations 
in  path  length  due  to  thermal,  atmos- 
pheric, and  seismic  effects,  as  well  as  to- 
ward eliminating  TVI. 

It  is  now  believed  that  the  instrument 
is  sufficiently  stable,  at  the  hundreds  of 
angstroms  level,  for  astrometric  obser- 
vations. The  automatic  guiders  for  the 
siderostat  mirrors  operate  with  errors 
less  than  half  an  arc  second  with  good 
seeing.  The  project  is  a  collaborative  ef- 
fort between  the  Massachusetts  Insti- 
tute of  Technology  and  the  Naval 
Research  Laboratory,  with  Michael  Shao 
(NRL),  Marc  Collavita  (MIT),  Peter 
Garnivich  (MIT),  David  Staelin  (MIT), 
and  Stephen  Knowles  (NRL)  as  partici- 
pants. 

Observing  Conditiovis 

Usage  of  the  telescopes  of  the  Obser- 
vatories is  summarized  in  Table  2.  Other 
climate  data  are  given  in  Table  3. 


TABLE  2.     Nighttime  Telescope  Usage,  Mount 
Wilson  and  Las  Campanas  Observatories 

Full 
Nights 

Partial 
Nights 

MW  2.5-m                       175 
MW  1.5-m                      162 
LC  2.5-m                        241 
LC  1.0-m                        122 

43 
75 
53 
25 

TABLE  3.     Climate  Data 

Mount 
Wilson 

Las 
Campanas 

Rainfall,  cm 

48 

0.6 

Snowfall,  cm 

181.2 

33 

Temp,  Max 

33°  C 

31°  C 

Temp,  Min 

-8.5°  C 

-3°C 

Max  Wind  Vel,  mph 

57 

100 
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Informal  seminars  are  held  weekly  during 
the  academic  year  in  the  Library  at  813  Santa 
Barbara  Street,  Pasadena.  Speakers  include 
invited  guests  and  staff  and  fellows  of  the 
Observatories  and  of  CalTech.  Alan  Dressier 
has  coordinated  the  series  of  seminars  since 
May  1980.  During  the  period  September  1981 
through  June  1982,  the  following  lectures  were 
given: 

"The  Galactic  mass  distribution  towards  the  South 
Galactic  Pole,"  by  Gerard  Gilmore  (Royal  Obser- 
vatory, Edinburgh),  September  24,  1981. 

"SO  kinematics:  the  pitfalls  of  circular  reason- 
ing," by  Alan  Dressier  (MWLCO),  October  1,  1981. 

"Rotational  properties  of  G  and  K  dwarfs,"  by 
David  Soderblom  (Harvard-Smithsonian  Center  for 
Astrophysics,  Cambridge),  October  8,  1981. 

"Coeval  star  formation  in  open  clusters?"  by  Anne 
Marie  H.  Jakobsen  (University  of  Aarhus,  Den- 
mark), October  19,  1981. 

"Far  infrared  observations  of  star-forming  re- 
gions," Anneila  Sargent  (CalTech),  October  22,  1981. 

"High  velocity  H2  in  the  NGC  2071  star-forming 
region,"  by  Eric  Persson  (MWLCO),  October  29, 
1981. 

"The  world  is  a  perfect  50,"  by  Allan  Sandage 
(MWLCO),  November  5,  1981. 

"Late-type  supergiants  in  the  Magellanic  Clouds," 
Peter  J.  McGregor  (MWLCO),  November  19,  1981. 

"Fourier  techniques  for  the  analysis  of  late-type 
stellar  spectra,"  by  David  Bruning  (MWLCO),  De- 
cember 3,  1981. 

"The  large-scale  distribution  of  galaxies  in  space," 
by  Stephen  Shectman  (MWLCO),  December  10, 
1981. 

"Evidence  for  activity  in  the  nucleus  of  M51,  by 
James  A.  Rose  (University  of  Hawaii),  December 
17,  1981. 

"Low  ionization  emission  regions  in  the  nuclei  of 
spiral  galaxies,"  by  William  Keel  (Lick  Observa- 
tory, University  of  California,  Santa  Cruz),  Janu- 
ary 18,  1982. 

"Primary  nucleosynthesis  in  the  Galactic  disk," 
by  Bruce  Twarog  (University  of  Texas,  Austin), 
January  20,  1982. 

"Masses  of  white  dwarf  progenitors,"  by  Barbara 
Anthony-Twarog  (University  of  Texas,  Austin), 
January  21,  1982. 

"Some  absorbing  material  about  quasars,"  by  Todd 
Boroson  (CalTech),  January  28,  1982. 

"Elliptical  galaxies  and  the  dynamics  of  the  Local 
Supercluster,"  by  John  Tonry  (Institute  for  Ad- 
vanced Study,  Princeton  University),  February  4, 
1982. 


"Emission  line  profiles  in  Seyfert  galaxies,"  by 
James  Shuder  (Lick  Observatory,  University  of 
California,  Santa  Cruz),  February  9,  1982. 

"A  review  of  CNO  abundances  in  field  and  cluster 
giants,"  by  Nicholas  Suntzeff  (University  of  Wash- 
ington), February  11,  1982. 

"The  formation  of  flat  structures  in  superclus- 
ters,"  by  Avishai  Dekel  (CalTech),  February  25, 
1982. 

"The  velocity  field  in  the  Local  Supercluster,"  by 
Paul  Schechter  (Kitt  Peak  National  Observatory, 
Tucson),  March  4,  1982. 

"Comments  on  27  earlier  Mount  Wilson  astron- 
omers" (portraits  recently  framed),  by  Allan  San- 
dage (MWLCO),  March  11,  1982. 

"The  continuum  emission  of  Seyfert  galaxies  and 
quasars,"  by  Matthew  Malkan  (CalTech),  March 
18,  1982. 

"The  Las  Campanas  C  IV  survey,"  by  Wallace 
Sargent  (CalTech),  March  25,  1982. 

"Rapidly  oscillating  Ap  stars,"  Donald  Kurtz 
(University  of  Cape  Town,  South  Africa),  March 
29,  1982. 

"Power  generation  at  Las  Campanas,"  by  Thomas 
Gregory  (MWLCO),  April  8,  1982. 

"Galaxy  formation,"  by  Sandra  Faber  (Lick  Ob- 
servatory, University  of  California,  Santa  Cruz), 
April  15,  1982. 

"Carbon  stars  in  nearby  galaxies,"  by  Jay  Frogel 
(Cerro  Tololo  Inter-American  Observatory,  Chile), 
April  22,  1982. 

"Dynamics  of  clusters  of  galaxies,"  by  Douglas 
Richstone  (University  of  Michigan),  April  29,  1982. 

"What  bends  3C465:  the  interaction  of  cD's,  radio 
sources,  and  cluster  gas,"  by  Jean  Eilek  (New  Mex- 
ico Technical  University),  May  6,  1982. 

"Cometary  mass  loss  from  [O  I],  by  Hyron  Spin- 
rad  (University  of  California,  Berkeley),  May  13, 
1982. 

"As  the  Sun  turns,"  by  Herschel  Snodgrass 
(MWLCO),  May  20,  1982. 

"Spectroscopy  of  distant  galaxies:  a  QSO-like  ev- 
olution of  Seyferts?"  by  Alan  Dressier  (MWLCO), 
June  3,  1982. 

"Effect  of  environment  of  disk  galaxies,"  by  Ed- 
ward Salpeter  (Cornell  University),  June  10,  1982. 

"Infrared  observations  of  BL  Lacertae  objects," 
by  Christopher  Impey  (University  of  Hawaii),  June 
15,  1982. 

"Star  formation  in  galactic  nuclei,"  by  Nicholas 
Scoville  (University  of  Massachusetts),  June  17, 
1982. 

"The  ages  and  metallicities  of  Magellanic  Cloud 
clusters  via  synthetic  integrated  spectra,"  by  Ar- 
mando Manduca  (MWLCO),  June  24,  1982. 
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INTRODUCTION 


Interest  in  our  laboratory  has  for  sev- 
eral years  centered  on  studies  of  the  or- 
ganization and  expression  of  the  genome 
in  higher  animals.  We  use  sea  urchin  eggs 
and  developing  embryos  as  a  model  sys- 
tem in  much  of  our  work,  and  have  re- 
cently added  to  the  system  by  setting  up 
a  series  of  vessels  and  aquaria  in  which 
embryos  are  carried  through  metamor- 
phosis to  maturity.  In  examining  the  or- 
ganization of  sequences  of  the  sea  urchin 
genome,  we  make  use  of  recombinant 
DNA  techniques  for  analysis  of  single 
genes  and  gene  families,  using  libraries 
of  genomic  DNA  from  several  sea  urchin 
species.  Thus  we  are  able  to  measure  the 
conservation  of  certain  sequences  through 
evolution  and  between  sea  urchin  popu- 
lations, as  well  as  the  distribution  of  sin- 
gle-copy and  repeated  sequences  in  their 
vicinity  in  the  genome.  Our  recent  dis- 
covery of  genomic  DNA  sequences  re- 
lated to  mitochondrial  DNAs  resulted 
from  one  aspect  of  this  research. 

Maternal  RNA  (RNA  sequences  stored 
in  sea  urchin  eggs)  and  RNA  extracted 
from  embryos  are  used  for  study  of  the 
expression  of  sea  urchin  genes  during 
embryogenesis.  Maternal  transcripts  are 


found  to  include  very  long  RNA  mole- 
cules wherein  gene  transcripts  are  in- 
terspersed with  transcripts  of  other 
single-copy  and  repeated  sequences.  We 
have  identified  and  selected  a  number  of 
cloned  sequences  of  genes  whose  expres- 
sion is  developmentally  regulated — that 
is,  whose  transcripts  show  large  changes 
in  prevalence  between  stages  of  embry- 
onic development.  For  more  detailed 
analysis  of  gene  expression,  we  are 
working  to  develop  a  method  of  trans- 
forming sea  urchin  genomes  by  intro- 
ducing cloned  DNA  sequences  into  eggs. 
The  sequence  organization  and  expres- 
sion of  the  sea  urchin  actin  gene  family 
are  being  actively  investigated,  and  we 
are  using  a  variety  of  approaches  to  ob- 
tain clones  of  genes  coding  for  other  spe- 
cific sea  urchin  proteins  such  as  the  bindin 
protein  of  sperm  and  the  vitelline  layer 
proteins  of  eggs.  Other  particular  proj- 
ects are  concerned  with  sequence  orga- 
nization and  gene  expression  in 
eukaryotes  ranging  from  protozoa  to  man. 
In  all,  our  aim  is  to  better  understand 
the  mechanisms  of  gene  control  and  the 
relationships  between  DNA  sequences  in 
higher  animals. 


SEQUENCE  CONSERVATION  IN  AND  AROUND  A  SEA 

URCHIN  GENE 

Steven  A.  Johnson  and  Roy  J.  Britten 


The  gene  designated  "gene  88"  or  Sp88 
has  been  chosen  for  investigation  of  the 
sequence  conservation,  in  and  around  a 
developmentally  regulated  gene,  be- 
tween two  related  species  of  sea  urchins, 
Strongylocentrotus  droebachiensis  (Sd) 
and  S.  purpuratus  (Sp).  The  Sp88-con- 
taining  Sp  clone  pl6  has  been  character- 
ized with  regard  to  restriction  sites,  the 
location  of  interspersed  repeat  and  sin- 
gle-copy sequences,  and  the  location  of 
the  major  9.5-kb  egg  transcript  (Thomas 
et  al.,  1982).  To  study  this  gene  region 
in  Sd,  an  Sd  library  was  screened  with 


a  single-copy  probe,  pRH1.4,  which  rep- 
resents the  3'  terminal  of  1.5  kb  of  the 
Sp88  transcript.  Of  the  clones  selected, 
one  representative  of  each  allele  was 
mapped  with  various  6-cut  restriction  en- 
zymes. In  7  kb  of  gene-region  overlap 
between  the  Sp  and  Sd  clones,  80%  of 
the  restriction  sites  are  identical.  Based 
on  an  average  single-copy  sequence  di- 
vergence between  Sp  and  Sd  of  7%,  less 
than  50%  of  the  6-cut  restriction  sites 
should  be  conserved.  This  suggests  that 
this  region  has  been  quite  well  conserved 
since  the  two  species  diverged.  To  study 
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repeat  conservation,  Southern  blots  con- 
taining digestions  of  Sd  and  Sp  "88"  DN As 
were  reacted  with  an  Sd  total  genome 
tracer.  These  data  indicate  that  the  lo- 
cation and  apparent  repetition  frequency 
of  interspersed  repeats  in  the  Sp88  re- 
gion is  highly  conserved  between  Sp  and 
Sd.  Most  recently,  a  more  detailed  com- 
parison of  the  major  single-copy  region, 
pRH1.4,  and  its  Sd  counterpart,  dRH1.4, 


by  4-cut  restriction  mapping  has  re- 
vealed a  small  insert  of  about  150  nt  in 
the  Sd  gene.  The  insert  and  its  surround- 
ing sequence  environment  are  currently 
under  study. 


Reference 

Thomas,  T.  L.,  R.  J.  Britten,  and  E.  H.  Davidson 
(1982),  Devel.  Biol.,  submitted  for  publication. 


A  SEA  URCHIN  GENE  REPRESENTED  IN  BOTH 
MATERNAL  RNA  AND  EMBRYO  NUCLEAR  RNA 

Terry  L.  Thomas  and  Eric  H.  Davidson 


The  sequence  organization  and  tran- 
scriptional expression  of  a  17-kilobase  (kb) 
region  of  the  sea  urchin  genome  have  been 
described.  This  region  includes  a  tran- 
scription unit,  designated  "gene  88,"  which 
is  represented  by  a  typical  low-preva- 
lence maternal  poly  (A)  RNA.  The  pre- 
dominant maternal  gene  88  transcript  is 
about  9.5  kb  in  length,  and  analysis  of 
the  sequence  organization  of  the  cloned 
genomic  region  included  in  this  tran- 
script shows  that  it  contains  a  high  den- 
sity of  low  and  moderately  prevalent 
repeat  sequences,  as  well  as  s=2  kb  of 
single-copy  sequence  at  the  3'  end.  Gen- 
ome blots  carried  out  with  DNA  from 
different  individual  sea  urchins  show  that 


several  allelic  forms  of  this  region  exist. 
The  transcribed  single-copy  sequence  is 
only  slightly  less  polymorphic  than  is  the 
average  single-copy  sequence  of  the 
Strongylocentrotus  purpuratus  genome. 
Gene  88  single-copy  sequences  appear  to 
be  represented  in  at  least  three  smaller 
transcripts  in  the  polysomal  RNA  of  16- 
cell  embryos.  The  nuclear  RNA  of  later 
embryos  also  contains  gene  88  tran- 
scripts. RNA  gel  blots  indicate  that  po- 
lyadenylated  gene  88  transcripts  are  also 
9.5  kb  in  length  in  blastula  and  gastrula 
nuclear  RNAs.  These  transcripts  are 
probably  colinear  with  the  major  mater- 
nal RNA  transcript. 


SEQUENCE   POLYMORPHISM   IN   REGIONS  SURROUNDING 

STRUCTURAL  GENES 

John  W.  Roberts,  John  W.  Grula,  Steven  A.  Johnson,  and  Roy  J.  Britten 


Thermal  stability  measurements  have 
demonstrated  an  average  4%  single-copy 
DNA  sequence  polymorphism  in  the  sea 
urchin  Strongylocentrotus  purpuratus, 
with  a  range  of  sequence  polymorphism 
from  less  than  1%  to  more  than  10% 
(Britten  et  al.,  1978).  The  blot  hybrid- 
ization method  has  been  used  to  estimate 
the  sequence  polymorphism  surrounding 
several  S.  purpuratus  structural  genes 
and  in  single-copy  regions  adjacent  to  ex- 


pressed repeats.  The  sequences  sur- 
rounding different  genes  exhibited  a  range 
of  polymorphism  from  less  than  1%  to 
about  4%;  the  repeat  adjacent  regions 
exhibited  a  somewhat  higher  level.  These 
results  confirm  the  thermal  stability 
measurements  and,  further,  demon- 
strate different  degrees  of  polymorphism 
in  different  regions  of  the  genome. 

Individual  genome  blot  hybridization 
experiments  with  cDNA  clone  SpG6  sug- 
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gested  patterns  in  the  sequence  poly- 
morphism. For  any  restriction 
endonuclease  used,  there  appeared  to  be 
one  or  two  predominant  fragment  lengths 
(alleles),  along  with  a  series  of  less  fre- 
quent variants.  This  observation  was 
confirmed  by  blot  hybridization  experi- 
ments using  balanced  mixtures  of  gen- 
omic DNA  from  20-30  individuals  from 
two  different  populations.  The  two  pop- 
ulations share  the  same  predominant  and 
less  frequent  alleles,  although  quantita- 


tive differences  in  the  frequencies  of  some 
variants  are  observed,  suggesting  some 
degree  of  isolation  between  the  animals 
in  the  two  populations.  Similar,  although 
more  extensive,  interpopulation  differ- 
ences are  seen  with  the  repeat  adjacent 
probes. 

Reference 

Britten,  R.  J.,  A.  Cetta,  and  E.  H.  Davidson  (1978), 
Cell  15,  649-660. 


GENE   ORGANIZATION   IN   SEA  URCHIN  MITOCHONDRIAL 

DNA 

John  W.  Grula,  John  W.  Roberts,  James  W.  Posakojiy,  and  Roy  J.  Britten 


Two  Strongylocentrotus  purpuratus 
cDNA  clones  (SpG30  and  SpP389)  en- 
coding prevalent  embryonic  transcripts 
were  shown  to  be  mitochondrial  by  the 
following  criteria:  hybridization  with 
purified  mitochondrial  DNA,  reaction  with 
a  band  comigrating  with  supercoiled 
mtDNA  in  a  Southern  transfer  of  undig- 
ested S.  franciscanus  DNA,  and  selec- 
tion of  a  set  of  circularly  permuted  clones 
from  an  S.  franciscanus  genomic  library 
of  size  and  restriction  map  identical  with 
that  of  mtDNA.  The  cDNAs  were  iden- 
tified as  genes  encoding  cytochrome  ox- 
idase subunit  I  and  16S  mitochondrial 
rRNA,  respectively,  by  virtue  of  specific 
cross-reaction  with  fragments  of  human 
mtDNA  in  blot  hybridizations,  and  by 


partial  nucleotide  sequencing.  Localiza- 
tion of  the  cDNA  sequences  in  S.  fran- 
ciscanus mtDNA  clones,  by  blot 
hybridization,  indicated  that  these  genes 
are  separated  by  less  than  1  kb,  in  con- 
trast to  their  organization  in  mammalian 
mtDNAs.  Additional  blot  hybridization 
analyses  using  human  mtDNA  and  sub- 
cloned  segments  from  S.  franciscanus 
mtDNA  confirm  a  difference  in  the  or- 
ganization of  the  16S  rRNA,  12S  rRNA, 
and  cytochrome  oxidase  subunit  I  genes 
in  the  two  mitochondrial  genomes.  Gene 
rearrangements,  therefore,  appear  to 
have  occurred  in  the  mitochondrial  gen- 
ome subsequent  to  the  divergence  of  the 
lines  leading  to  the  echinoderms  and  ver- 
tebrates. 


MITOCHONDRIAL  TRANSCRIPTS   IN   SEA  URCHIN 

EMBRYO   RNA 

Carlos  V.  Cabrera,  Constantin  N.  Flytzanis,  and  Eric  H.  Davidson 


Many  of  the  most  prevalent  clones  in 
sea  urchin  embryo  cDNA  libraries  were 
found  to  be  mitochondrial  when  screened 
with  mitochondrial  DNA.  The  cDNA 
clones  representing  mitochondrial  16S 
rRNA  and  cytochrome  oxidase  mRNA 
(see  previous  report)  were  used  to  mea- 


sure the  prevalence  and  stability  of  these 
transcripts  in  gastrula-stage  embryos. 
The  16S  rRNA  is  the  single  most  prev- 
alent embryo  poly(A)  RNA.  The  relative 
prevalence  of  the  two  mRNAs  is  largely 
determined  by  their  turnover  rates. 
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HOMOLOGUES  OF  MITOCHONDRIAL  GENES  IN  SEA 
URCHIN  NUCLEAR  DNA 

Howard  T.  Jacobs,  James  W.  Posakoriy,  John  W.  Grula,  John  W.  Roberts,  Carlos  V.  Cabrera, 
Eric  H.  Davidson,  and  Roy  J.  Britten 


Two  sea  urchin  embryo  cDNA  clones, 
representing  mitochondrial  genes  for  cy- 
tochrome oxidase  subunit  I  and  16S 
rRNA,  were  found  to  react  with  restric- 
tion fragments  of  genomic  DNA  whose 
sizes  and  demonstrable  polymorphism 
were  incompatible  with  a  mitochondrial 
origin.  In  screening  a  genomic  library, 
the  same  set  of  clones  was  independently 
selected  with  each  of  these  probes.  Anal- 
ysis of  the  structure  of  these  cloned  DNAs 
showed  that  they  carried  only  a  limited 
region  of  homology  with  mtDNA,  that 
they  contained  typical  dispersed  genomic 
repeats,  and  that  they  were  not  the  re- 
sult of  an  adventitious  ligation  during 
cloning.  Sequences  homologous  with  the 
cDNAs  were  localized  in  the  cloned  nu- 
clear element  by  blot  hybridization.  This 


demonstrated  that  only  the  3'  end  of  the 
16S  rRNA  gene  was  represented,  flanked 
by  two  homologues  of  the  cytochrome  ox- 
idase subunit  I  gene,  only  one  of  which 
included  the  extreme  3'  end  of  the  gene. 
Thermal  stability  analysis  and  nucleotide 
sequencing  showed  differential  sequence 
conservation  between  different  regions 
of  the  mitochondrial  genes  and  their  nu- 
clear homologues.  We  interpret  the  re- 
sults as  documenting  that  a  transposition 
of  sequences  into  the  nuclear  genome  has 
occurred,  and  that  subsequently  this  do- 
main has  evolved  essentially  like  non- 
coding  DNA,  with  a  process  of  gross 
rearrangements  (duplications,  deletions, 
and  insertions)  superimposed  on  a  low 
rate  of  point  mutation. 


STAGE-SPECIFIC   EXPRESSION   OF   SEA   URCHIN 
EMBRYO   RNA  SEQUENCES 

Constantin  N .  Flytzanis,  Glenn  Nakamura,*  and  Eric  H.  Davidson 


During  the  early  development  of  sea 
urchin  embryos,  only  a  minor  class  of 
poly(A) +  RNA  sequences  displays  sharp 
stage-specific  changes.  To  study  such 
stage-specific  transcripts,  cDNA  librar- 
ies made  from  different  embryonic  stages 
have  been  screened  with  labeled  cDNAs 
transcribed  from  polysomal  poly(A)  + 
RNAs  of  16-cell-,  blastula-,  gastrula-,  and 
pluteus-stage  embryos.  A  set  of  selected 
clones  that  show  dramatic  developmen- 
tal changes  has  been  further  character- 
ized using  RNA  and  genome  blot  analysis. 
On  this  basis,  one  cDNA  clone,  SpP25, 
was  selected  for  further  studies.  RNA 
transcripts  complementary  to  the  clone 
SpP25  are  rare  both  in  the  mature  egg 
and  in  adult  tissues  tested,  while  a  dra- 

*Undergraduate  student,  California  Institute  of 
Technology. 


matic  increase  (more  than  100  x  )  in  tran- 
script concentration  at  gastrula  and 
pluteus  stages  of  the  embryo  has  been 
calculated.  Only  one  transcript  size  (1450 
nucleotides)  was  detected  at  the  gastrula 
and  pluteus  stages.  Although  this  tran- 
script is  not  present  in  total  intestine 
RNA,  a  longer  transcript  (2000  nucleo- 
tides) of  a  lower  concentration  was  de- 
tected. To  investigate  the  possibility  that 
this  transcript  represents  a  nuclear  non- 
processed  RNA,  a  genomic  library  was 
screened  with  the  clone  SpP25,  and  a  set 
of  genomic  clones  was  characterized  with 
restriction  enzyme  analysis.  Two  non- 
overlapping  genomic  clones  have  been 
found  that  carry  a  homologous  sequence 
about  5  kilobases  long  wherein  the  cDNA 
clone  SpP25  maps.  The  question  of 
whether  these  two  clones  represent  two 
distinct  genes  or  the  two  chromosomal 
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alleles  of  the  same  gene  is  under  current 
investigation.  It  is  hoped  that  the  study 
of  nuclear  transcripts  of  embryo  and  adult 
tissues  will  elucidate  the  mechanisms  at 


the  transcriptional  or  post-transcrip- 
tional  level  that  control  the  expression 
of  this  gene,  especially  in  the  embryonic 
stages. 


INTERSPERSED  POL YADEN YLATED  RNAs  OF   SEA 
URCHIN  EGGS  AND  EMBRYOS 

James  W.  Posakony,  Ronald  C.  Wek,  and  Eric  H.  Davidson 


Sea  urchin  egg  and  embryo  polyaden- 
ylated  RNAs  bearing  specific  repetitive 
sequences  were  analyzed  by  cDNA  clon- 
ing, DNA  and  RNA  gel  blot  hybridiza- 
tion, and  DNA  sequencing.  It  was  found 
that  the  two  complements  of  a  given  re- 
peat are  carried  on  different  sets  of  po- 
lyadenylated transcripts,  which  are 
generally  quite  long  (>3  kilobases,  with 
an  estimated  number-average  length  of 
5-6  kilobases).  Within  these  transcripts, 
specific  short  repetitive  sequence  ele- 
ments are  found  interspersed  either  with 
single-copy  sequences  or  with  other  re- 
peat sequences.  It  was  demonstrated  by 
sequencing  that  one  such  repeat-contain- 
ing region  is  not  translatable.  The  sets 


of  polyadenylated  transcripts  deriving 
from  several  individual  repeat  families 
undergo  substantial  quantitative  and 
probably  qualitative  modulation  during 
early  sea  urchin  development.  Analysis 
of  specific  transcripts  with  single-copy 
probes  from  repeat-containing  cDNA 
clones  indicates  that  the  embryo  genome 
is  transcribed  to  produce  at  least  some 
of  the  same  interspersed  RNAs  as  are 
stored  in  the  oocyte  during  oogenesis. 
Finally,  the  transcripts  bearing  specific 
repeat  sequences  in  the  polyadenylated 
egg  RNA  of  two  related  sea  urchin  spe- 
cies were  found  to  be  qualitatively  dis- 
similar. 


STRUCTURE  AND  FATE   OF  SEA  URCHIN  MATERNAL 

RNA 

Howard  T.  Jacobs  and  Eric  H.  Davidson 


A  considerable  proportion  of  sea  ur- 
chin maternal  RNA  comprises  tran- 
scripts much  longer  than  conventional 
mRNA  and  which  include  interspersed 
repeat  elements  and  single-copy  regions. 
In  order  to  investigate  the  structure  of 
these  transcripts  and  their  relationship 
to  message,  we  are  exploiting  the  fact 
that  some  embryo-derived  single-copy 
cDNAs  react  predominantly  with  abun- 
dant transcripts  of  this  class  in  egg  RNA. 
One  such  is  the  cDNA  clone  designated 
SpP154,  which  is  represented  in  egg  RNA 
as  7.5-kb  and  3.8-kb  transcripts.  The  nu- 
cleotide sequence  of  portions  of  the  cDN  A 
has  been  determined  by  the  primer  ex- 
tension method,  using  subclones  in  the 


single-stranded  DNA  phage  M13.  This 
shows  that  there  is  no  extended  region 
of  open  reading  frame  in  the  cDN  A,  from 
which  we  infer  that  it  is  either  a  long  3' 
untranslated  region,  or  unprocessed 
mRNA  precursor,  or  a  transcript  unre- 
lated to  message.  The  detailed  structure 
of  the  maternal  transcript  is  being  stud- 
ied using  overlapping  clones  from  a  ran- 
domly primed  cDNA  library  to  egg 
poly( A) +  RNA,  and  comparing  these  with 
the  gene  (available  as  a  set  of  clones  iso- 
lated from  a  genomic  library)  and  with 
the  homologous  clones  from  embryonic 
cDNA  libraries.  If,  as  seems  likely,  the 
maternal  species  represents  a  message 
precursor,  the  fact  that  there  is  only  a 
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very  low  rate  of  de  novo  synthesis  of 
SpP154  transcripts  during  early  devel- 
opment means  that  it  will  be  possible  to 
determine  if  this  species  functions  as  such, 


by  measuring  the  decay  rates  of  its  mes- 
sage and  nonmessage  sequences  in  em- 
bryo RNA. 


DNA  TRANSFORMATION  OF  SEA  URCHIN  EGGS 

Andrew  P.  McMahon,  Constantin  N.  Flytzanis,  Ronald  C.  Wek,  Patrick  S.  Leahy, 
and  Eric  H.  Davidson 


Developmental  gene  expression  in  sea 
urchin  eggs  and  embryos  is  being  inves- 
tigated by  DNA  transformation  of  sea 
urchin  eggs.  Three  procedures  for  the 
introduction  of  foreign  DNA  are  under 
study:  (1)  liposome  fusion,  (2)  calcium 
phosphate  precipitation,  and  (3)  microin- 
jection of  unfertilized  and  fertilized  eggs. 
Of  these,  the  third  has  proved  the  most 
promising:  approximately  35%  of  in- 
jected unfertilized  eggs  survive  to  feed- 
ing larvae  using  the  culture  methods 
described  in  the  next  report. 

Appropriate  vectors  for  the  trans- 
forming DNA,  and  methods  for  conven- 
iently assaying  the  efficiency  of  trans- 
formation, are  being  explored.  One  of  the 
vectors  under  current  investigation  con- 
tains a  eukaryotic  promoter  from  the 
Herpes  thymidine  kinase  gene,  together 
with  the  coding  sequence  for  a  prokar- 
yotic  phosphotransferase,  which  inacti- 
vates the  antibiotic  G-418.  G-418  has  been 


shown  to  perturb  normal  embryonic  de- 
velopment, resulting  in  plutei  unable  to 
feed,  and  it  thus  provides  a  potential  se- 
lection system  for  transformants. 

Construction  of  other  vectors  using 
terminal  inverted  repeats  and  coding  se- 
quences for  the  transposase  of  known 
transposable  elements,  which  code  for  the 
protein  responsible  for  their  own  inser- 
tion into  the  sea  urchin  genome,  is  under 
way. 

In  order  to  assay  the  transformation 
efficiency,  a  screening  system  has  been 
developed  in  which  single  larvae  are  lysed 
directly  onto  nitrocellulose  niters.  Nick- 
translated  DNA  probes  have  been  shown 
to  detect  single-copy  sequences  in  an  ad- 
vanced larva  (20,000-30,000  cells).  Other 
approaches,  using  highly  radioactive  sin- 
gle-stranded probes  and  a  bioassay  in 
which  antibiotic  resistance  is  conferred 
on  transformants,  are  also  being  tested. 


CULTURE   OF   SEA  URCHIN   EMBRYOS  TO   SEXUAL 

MATURITY 

Constantin  N.  Flytzanis,  Andrew  P.  McMahon,  Patrick  S.  Leahy,  and  Eric  H.  Davidson 


The  development  of  a  DNA  transfor- 
mation system  for  sea  urchin  eggs  is  of 
basic  importance  for  a  functional  study 
of  the  meaning  of  specific  nucleic  acid  se- 
quence features  in  the  context  of  early 
embryonic  development.  An  essential 
experimental  component  of  the  transfor- 
mation system  is  a  method  for  efficiently 
raising  eggs  through  larval  development 
and  metamorphosis  to  sexual  maturity. 
By  adapting  and  improving  the  small-scale 


procedures  described  initially  by  Hine- 
gardner  and  Rocha  Tuzzi  (1981),  we  have 
developed  methods  for  raising  more  than 
75%  of  fertilized  eggs  through  metamor- 
phosis and  to  the  juvenile  adult  stage. 
Larvae  are  cultured  at  16°C  in  seawater 
and  are  fed  on  a  unicellular  alga  (Rho- 
domonas  sp. )  which  is  very  easy  to  raise 
in  the  laboratory.  Our  current  larval  cul- 
ture systems  are  capable  of  handling  up 
to  2000  individuals  in  as  many  separate 
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groups  as  desired.  Development  from 
fertilization  to  metamorphosis  takes  about 
six  weeks.  Within  two  weeks  of  meta- 
morphosis, the  juveniles  achieve  suffi- 
cient morphological  development  to  begin 
grazing.  We  have  found  that  algae-coated 
rocks  from  one  of  our  field  stations  pro- 
vide an  ideal  substratum  for  raising  the 


juveniles  in  relatively  high  concentra- 
tions. They  attain  sexual  competence  at 
about  six  months  after  metamorphosis. 

Reference 

Hinegardner,  R.  T.,andM.  M.  RochaTuzzi(1981), 
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ORGANIZATION  AND   EXPRESSION   OF  ACTIN  GENES  IN 

THE   SEA  URCHIN 

Samuel  J.  Rose,  Rosemary  J.  Shott,  James  L.  Lee,  Terry  L.  Thomas,  and  Eric  H.  Davidson 


Actin  mRNA  in  the  sea  urchin  Stron- 
gylocentrotus  purpuratus  is  encoded  by 
a  small  multigene  family  comprised  of  at 
least  eleven  nonallelic  genes.  Seven  of 
these  genes  are  linked  to  at  least  one 
other  actin  gene.  These  genes  can  be 
grouped  into  three  major  subfamilies 
based  on  the  sequences  of  3'  untranslated 
regions  present  on  actin  mRNAs  (Scheller 
et  al.,  1981).  Gel  blot  analysis  of  RNAs 
from  different  developmental  stages  and 
adult  tissues,  using  actin  subfamily-spe- 
cific probes,  shows  that  the  expression 
of  these  subfamilies  is  developmentally 
regulated.  Two  major  questions  to  be  re- 
solved are  (1)  precisely  which  genes  are 
expressed  at  each  developmental  stage 
and  (2)  whether  actin  genes  that  are  co- 
ordinately  expressed  are  linked  in  the 
sea  urchin  genome.  To  address  the  first 
question,  3'  untranslated  regions  from 
members  of  each  actin  gene  subfamily 
are  being  cloned  into  an  M13  vector  and 
sequenced  by  the  dideoxy-chain  exten- 
sion method.  We  are  also  sequencing  these 
same  regions  in  actin  cDNA  clones  iso- 
lated from  stage-specific  cDNA  libraries. 
A  comparison  of  the  genomic  3'  noncod- 


ing  sequences  with  cDNA  3'  untrans- 
lated sequences  should  unambiguously 
identify  the  actin  gene(s)  represented  at 
each  developmental  stage.  Using  the 
subfamily-specific  probes,  we  are  also  de- 
termining the  absolute  number  of 
subfamily  transcripts  at  different  stages 
and  the  rates  at  which  these  transcripts 
are  synthesized  and  degraded. 

The  long-range  genomic  relationship 
between  the  expressed  actin  genes  is 
being  approached  by  isolating  35-45  kb 
genomic  regions  containing  actin  genes 
using  cosmid-cloning  techniques.  Lin- 
kage of  different  actin  subfamilies  will  be 
examined  by  probing  these  cosmids  with 
subfamily-specific  probes.  The  issue  of 
coordinate  expression  of  linked  genes  is 
of  fundamental  importance  in  consider- 
ing the  evolution  and  function  of  small 
gene  families. 
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A  STUDY  OF  THE   SEA  URCHIN  "BINDIN"  GENE 

Boning  Gao  and  Eric  H.  Davidson 


During  sea  urchin  fertilization,  the  in- 
teraction of  egg  jelly  coat  fucose  sulfate 
polymer  with  the  sperm  plasma  mem- 


brane induces  the  sperm  acrosome  re- 
action, which  consists  of  the  exocytosis 
of  the  acrosome  granule.  "Bindin"  (the 
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sperm-borne  binding  protein)  is  one  of 
the  proteins  in  the  acrosome  granule. 
There  is  evidence  to  support  the  hypoth- 
esis that  bindin  is  the  adhesive  protein 
binding  sperm  to  egg  (Glabe  and  Vac- 
quier,  1978).  It  is  a  species-specific  pro- 
tein. Bindin  protein  has  been  purified  and 
partially  sequenced  (Glabe  and  Vac- 
quier,  1978).  The  molecular  weight  is 
30,500  daltons. 

Cytoplasmic  poly(A)  RNA  was  pre- 
pared from  sea  urchin  testes.  In  vitro 
translations  were  carried  out  using  this 
RNA.  We  are  doing  immunoprecipita- 


tion  reactions  with  anti-bindin  antibody 
(the  kind  gift  of  V.  D.  Vacquier)  to  find 
out  if  bindin  protein  was  made. 

Also,  we  synthesized  several  11-deoxy- 
nucleotide  DNA  fragments  correspond- 
ing to  the  amino  acid  sequence.  We  plan 
to  use  these  oligonucleotides  in  screening 
libraries  of  cloned  sea  urchin  DNA  for 
the  bindin  gene. 
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ANTIBODIES  TO  PROTEINS  OF  THE   VITELLINE   LAYER 
OF  SEA  URCHIN  EGGS 

Henry  Niman,*  Barbara  R.  Hough-Evans,  and  Eric  H.  Davidson 


The  vitelline  layer  of  the  sea  urchin 
egg  consists  of  a  number  of  functionally 
related  proteins  and  glycoproteins.  Mono- 
clonal antibodies  against  the  vitelline  layer 
proteins  have  been  prepared.  About  thirty 
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monoclonal  antibodies  were  obtained 
which  react  positively  with  total  VL  pro- 
tein. Currently  we  are  attempting  to  de- 
termine the  individual  protein  to  which 
each  monoclonal  antibody  reacts,  prep- 
aratory to  cloning  the  genes  for  these 
proteins. 


INTERSPERSED  MIDDLE   FREQUENCY   REPEATS   IN 
HUMAN  AND  GORILLA  DNA 

John  W.  Roberts,  Richard  L.  Hudspeth,  and  Roy  J.  Britten 


The  distribution  of  Alu  family  and  mid- 
dle-frequency (greater  than  about  100 
copy)  repeats  in  the  human  genome  was 
investigated  using  randomly  chosen  clones 
from  a  human  recombinant  DNA  library. 
Of  approximately  fifty  clones  (average 
insert  size  16  kb)  tested  by  a  low-crite- 
rion screening  procedure,  94%  contained 
one  or  more  Alu  family  repeats.  Restric- 
tion mapping  and  blot  hybridization  of  a 
subset  of  sixteen  Alu  repeat-containing 
clones  suggest  a  random  pattern  of  lo- 
cation for  Alu  repeats  with  an  average 
spacing  between  locations  of  4.3  kb;  this 
corresponds  to  a  repetition  frequency  of 
700,000  Alu  family  repeats  per  genome. 
Middle-frequency  repeats  were  detected 


in  this  subset  of  recombinants  by  blot 
hybridization  to  total  human  genomic 
DNA  labeled  to  high  specific  activity.  On 
the  basis  of  the  number  of  middle-fre- 
quency repeats  detected,  we  estimate  an 
average  spacing  between  middle-fre- 
quency repeats  of  about  17  kb,  and  a  total 
of  about  170,000  middle-frequency  re- 
peats in  the  human  genome.  The  number 
of  different  families  of  middle-frequency 
repeats  in  the  human  genome  is  not 
known.  One  recombinant  which  has  been 
analyzed  in  detail  contains  two  middle- 
frequency  repeats  belonging  to  families 
with  different  repetition  frequencies. 

A  similar  analysis  of  the  gorilla  gen- 
ome has  been  initiated.  Of  approximately 
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65  randomly  chosen  clones  from  a  gorilla 
recombinant  DNA  library  (insert  size  ap- 
proximately 15  kb),  87%  react  with  a  to- 
tal human  genome  tracer,  but  fewer  than 
70%  react  with  a  cloned  Alu  family  re- 
peat. Thus,  as  expected,  the  middle-fre- 


quency repeats  in  human  and  gorilla  DNA 
appear  to  be  similar  in  sequence  and  dis- 
tribution, but  there  seem  to  be  fewer 
copies  of  Alu  family  repeats  in  the  gorilla 
genome  than  in  the  human. 


QUANTITATIVE   ESTIMATES  OF  POLY(A)+    mRNA  IN 
EARLY  MOUSE   EMBRYOS 

Lajos  Piko  and  Kerry  B.  Clegg* 


The  poly(A)  content  of  preimplanta- 
tion  mouse  embryos  undergoes  a  striking 
fluctuation:  after  a  transient  increase  in 
the  one-cell  embryo,  the  poly  (A)  content 
drops  by  about  70%  by  the  late  two-cell 
stage  and  increases  approximately  five- 
fold between  the  two-cell  and  early  blas- 
tocyst stages  (Piko  and  Clegg,  1982).  In 
order  to  interpret  these  changes  in  terms 
of  numbers  of  polyadenylated  mRNA 
molecules,  we  analyzed  the  size  distri- 
bution of  total  poly(A)  (sequences  resis- 
tant to  RNase  A  and  Tx)  by  poly  aery  1- 
amide  gel  electrophoresis  followed  by 
hybridization  of  the  eluted  fractions  with 
3H-poly(U).  The  size  distribution  of 
poly(A)  was  similar  at  all  stages  between 
the  one-cell  embryo  and  early  blastocyst, 
suggesting  that  the  fluctuations  in  poly(A) 
content  are  not  attributable  to  a  length- 
ening or  shortening  of  the  poly( A)  tracts 
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but  are  due  primarily  to  changes  in  the 
number  of  these  tracts.  From  the  data 
on  poly(A)  content  and  the  number-av- 
erage length  of  poly(A)  (varying  from  61 
to  77  nucleotides),  one  obtains  the  fol- 
lowing number  of  poly  (A)  tracts,  taken 
to  indicate  the  numbers  of  poly(A)  + 
mRNA  per  embryo  at  different  stages  of 
development:  one-cell  embryo,  2.4  x  107; 
late  two-cell,  0.7  x  107;  eight-cell,  1.3  x 
107;  early  blastocyst  (32  cells),  3.4  x  107. 
These  findings  and  other  evidence  sug- 
gest that  the  bulk  of  the  maternal 
poly(A) +  mRNA  is  eliminated  at  the  two- 
cell  stage  and  that  there  is  a  progressive 
build-up  in  the  mRNA  population,  due 
to  new  synthesis  by  the  embryo,  from 
the  two-cell  stage  onwards. 
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A  CLONED  GENOMIC   LIBRARY  OF  A  MARINE   SPECIES 
OF  THE   PHYLUM  BRYOZOA 

Thomas  J.  M.  Schopf,  Terry  L.  Thomas,  and  Eric  H.  Davidson 


DNA  was  prepared  in  standard  fash- 
ion (Graham,  1978)  from  a  single  genetic 
individual  of  Watersipora  cucullata;  this 
is  an  encrusting  colonial  bryozoan  species 
extremely  common  on  docks  and  pilings 
at  the  Kerckhoff  Marine  Laboratory.  The 
vector,  XJ1,  was  constructed  by  J.  Mul- 
lins  (Division  of  Chemistry  and  Chemical 
Engineering,  CalTech)  by  inserting  two 


poly  linker  sites  into  the  genome  of  XL41 
(Loenen  and  Brammar,  1980).  Vector 
arms  were  prepared  by  a  Bam  HI  digest 
of  ligated  XJ1,  followed  by  sucrose  den- 
sity gradient  centrifugation.  Bryozoan 
DNA  was  cleaved  by  partial  Mbo  I  diges- 
tion, and  size-selected  bryozoan  DNA  was 
ligated  to  XJ1  and  packaged  (Mullins  et 
al.,  1981).  Controls  showed  no  packaging 
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ofE.  coli  DNA.  Packaging  efficiency  was 
106plaques/(jLgbryozoanDNA;4.6  x  104 
plaques  were  obtained  on  bacterial  strain 
K802.  Size  analysis  of  Eco  RI  and  Bam  HI 
digests  of  DNA  prepared  from  individual 
plaques  of  the  library  after  amplification 
revealed  8  of  15  phages  with  recombinant 
inserts.  The  genome  size  of  Watersipora 
is  unknown,  but  if  data  apply  from  the 
only  marine  bryozoan  whose  genome  size 
is  known  (0.4  pg,  Potter,  1979),  then  the 
procedures  outlined  above  yielded  ap- 
proximately one  genome  equivalent  of 
bryozoan  DNA  in  XJ1.  The  library  will 


be  used  to  screen  for  various  multigene 
families. 
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GENOME   SIZE   AND   DNA  COMPLEXITY  OF  Plasmodium 

falciparum 
Barbara  R.  Hough-Evans  and  Judith  Howard* 


Plasmodium  falciparum  is  the  para- 
site that  causes  the  most  virulent  form 
of  human  malaria.  P.  falciparum  DNA 
was  prepared  from  cells  cultured  in  vitro 
in  human  red  blood  cells.  The  kinetics  of 
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reassociation  were  measured  along  with 
a  sample  of  tritium-labeled  E.  coli  DNA. 
It  was  found  that  the  P.  falciparum  gen- 
ome is  ninety  times  as  large  as  the  E. 
coli  genome,  and  that  it  contains  a  re- 
petitive component  amounting  to  about 
10%  of  the  DNA. 
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Report  of  the  Executive 
Committee 

To  the  Trustees  of  the  Carnegie  Institution  of  Washington 

In  accordance  with  the  provisions  of  the  By-Laws,  the  Executive  Committee 
submits  this  report  to  the  Annual  Meeting  of  the  Board  of  Trustees. 

During  the  fiscal  year  ending  June  30,  1982,  the  Executive  Committee  held  four 
meetings.  Accounts  of  these  meetings  have  been  or  will  be  mailed  to  each  Trustee. 

A  full  statement  of  the  finances  and  work  of  the  Institution  for  the  fiscal  year 
ended  June  30,  1981,  appears  in  the  Institution's  Year  Book  80,  a  copy  of  which  has 
been  sent  to  each  Trustee.  An  estimate  of  the  Institution's  expenditures  in  the  fiscal 
year  ending  June  30,  1983,  appears  in  the  budget  recommended  by  the  Committee 
for  approval  by  the  Board  of  Trustees. 

The  terms  of  office  of  the  Vice-Chairman  and  Secretary  of  the  Board,  all  Com- 
mittee Chairmen,  and  the  following  members  of  Committees  expire  on  May  7,  1982: 

Finance  Committee  Auditing  Committee 

William  T.  Golden  Lewis  M.  Branscomb 

Nominating  Committee 
Franklin  D.  Murphy 

William  C.  Greenough,  Chairman 

May  7,  1982 
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Abstract  of  Minutes 

of  the  Eighty -Fifth  Meeting  of  the  Board  of  Trustees 


The  annual  meeting  of  the  Board  of  Trustees  was  held  in  the  Board  Room  of  the 
Administration  Building  on  Friday,  May  7,  1982.  The  meeting  was  called  to  order 
by  Chairman  William  R.  Hewlett. 

The  following  Trustees  were  present:  Philip  H.  Abelson,  Lewis  M.  Branscomb, 
Edward  E.  David,  Jr.,  John  Diebold,  Gerald  M.  Edelman,  Carl  J.  Gilbert,  Robert 
G.  Goelet,  William  T.  Golden,  Crawford  H.  Greenewalt,  William  C.  Greenough, 
Caryl  P.  Haskins,  William  R.  Hewlett,  John  D.  Macomber,  Antonia  Morner,  Frank- 
lin D.  Murphy,  Robert  M.  Pennoyer,  Richard  S.  Perkins,  Robert  C.  Seamans,  Jr., 
Frank  Stanton,  and  Charles  H.  Townes.  Garrison  Norton,  Trustee  Emeritus,  James 
D.  Ebert,  President,  Robert  N.  Kreidler,  Vice  President,  James  W.  Boise,  Bursar, 
John  C.  Lawrence,  Assistant  Bursar,  and  Marshall  Hornblower,  Counsel,  were  also 
in  attendance. 

The  minutes  of  the  Eighty-Fourth  Meeting  were  approved. 

The  Chairman  notified  the  Trustees  of  the  deaths  of  Henry  S.  Morgan  and  James 
N.  White,  Trustees  Emeriti.  He  read  a  memorial  statement  in  tribute  to  Mr.  Morgan, 
and  the  following  resolution  was  unanimously  adopted: 

Be  It  Therefore  Resolved,  That  we,  the  Trustees  of  Carnegie  Institution  of 
Washington,  record  our  sorrow  at  the  death  of  Henry  S.  Morgan. 

And  Be  It  Further  Resolved,  That  this  resolution  be  entered  on  the  minutes 
of  the  Board  of  Trustees  and  that  copies  be  sent  to  Mrs.  Morgan. 

He  then  read  a  memorial  statement  in  tribute  to  Mr.  White,  and  the  following 
resolution  was  unanimously  adopted: 

Be  It  Therefore  Resolved,  That  we,  the  Trustees  of  the  Carnegie  Institution 
of  Washington,  record  our  sorrow  and  deep  sense  of  loss  at  the  death  of  James 
N.  White. 

And  Be  It  Further  Resolved,  That  this  resolution  be  entered  on  the  minutes 
of  the  Institution  and  that  a  copy  be  sent  to  Mrs.  White. 

The  reports  of  the  Executive  Committee,  the  Finance  Committee,  the  Employee 
Benefits  Committee  and  the  Auditing  Committee  were  accepted.  On  the  recom- 
mendation of  the  latter,  it  was  resolved  that  Price  Waterhouse  &  Co.  be  appointed 
as  public  accountants  for  the  fiscal  year  ending  June  30,  1983. 

Article  I  of  the  By-Laws  was  amended  to  read  as  follows: 

ARTICLE  I 

The  Trustees 

1.1.  The  Board  of  Trustees  shall  consist  of  twenty-four  members  with  power 
to  increase  its  membership  to  not  more  than  twenty-seven  members. 

1.2.  The  Board  of  Trustees  shall  be  divided  into  three  classes  each  having 
eight  or  nine  members.  The  terms  of  the  Trustees  shall  be  such  that  those  of 
the  members  of  one  class  expire  at  the  conclusion  of  each  annual  meeting  of 
the  Board.  At  each  annual  meeting  of  the  Board  vacancies  resulting  from  the 
expiration  of  Trustees'  terms  shall  be  filled  by  their  reelection  or  election  of 
their  successors.  Trustees  so  reelected  or  elected  shall  serve  for  terms  of  three 
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years  expiring  at  the  conclusion  of  the  annual  meeting  of  the  Board  in  the  third 
year  after  their  election.  A  vacancy  resulting  from  the  resignation,  death,  or 
incapacity  of  a  Trustee  before  the  expiration  of  his  term  may  be  filled  by  election 
of  a  successor  at  or  between  annual  meetings.  A  person  elected  to  succeed  a 
Trustee  before  the  expiration  of  his  term  shall  serve  for  the  remainder  of  that 
term.  There  shall  be  no  limit  on  the  number  of  terms  for  which  a  Trustee  may 
serve,  and  a  Trustee  shall  be  eligible  for  immediate  reelection  upon  expiration 
of  his  term. 

1.3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

1.4.  Trustees  shall  be  elected  by  vote  of  two-thirds  of  the  Trustees  present 
at  a  meeting  of  the  Board  of  Trustees  at  which  a  quorum  is  present  or  without 
a  meeting  by  written  action  of  all  of  the  Trustees  pursuant  to  Section  4.6. 

1.5.  If,  at  any  time  during  an  emergency  period,  there  be  no  surviving  Trustee 
capable  of  acting,  the  President,  the  Director  of  each  existing  Department,  and 
the  Executive  Officer,  or  such  of  them  as  shall  then  be  surviving  and  capable 
of  acting,  shall  constitute  a  Board  of  Trustees  pro  tern,  with  full  powers  under 
the  provisions  of  the  Articles  of  Incorporation  and  these  By-Laws.  Should 
neither  the  President,  nor  any  such  Director,  nor  the  Executive  Officer  be 
capable  of  acting,  the  senior  surviving  Staff  Member  of  each  existing  Depart- 
ment shall  be  a  Trustee  pro  tern  with  full  powers  of  a  Trustee  under  the  Articles 
of  Incorporation  and  these  By-Laws.  It  shall  be  incumbent  on  the  Trustees  pro 
tern  to  reconstitute  the  Board  with  permanent  members  within  a  reasonable 
time  after  the  emergency  has  passed,  at  which  time  the  Trustees  pro  tern  shall 
cease  to  hold  office.  A  list  of  Staff  Member  seniority,  as  designated  annually 
by  the  President,  shall  be  kept  in  the  Institution's  records. 

1.6.  A  Trustee  who  resigns  after  having  served  at  least  six  years  and  having 
reached  age  seventy  shall  be  eligible  for  designation  by  the  Board  of  Trustees 
as  a  Trustee  Emeritus.  A  Trustee  Emeritus  shall  be  entitled  to  attend  meetings 
of  the  Board  but  shall  have  no  vote  and  shall  not  be  counted  for  purposes  of 
ascertaining  the  presence  of  a  quorum.  A  Trustee  Emeritus  may  be  invited  to 
serve  in  an  advisory  capacity  on  any  committee  of  the  Board  except  the  Ex- 
ecutive Committee. 

Each  of  the  other  Articles  of  the  By-Laws  were  amended  by  inserting  the  arabic 
number  of  the  Article  and  a  period  before  the  number  of  each  Section. 
In  addition,  Sections  4.6,  5.3,  and  6.1  were  amended  to  read  as  follows: 

ARTICLE  IV 

Meetings  and  Voti?ig 

4.6.  Any  action  which,  under  law  or  these  By-Laws,  is  authorized  to  be  taken 
at  a  meeting  of  the  Board  of  Trustees  or  of  any  of  the  Standing  Committees 
may  be  taken  without  a  meeting  if  authorized  in  a  document  or  documents  in 
writing  signed  by  all  the  Trustees,  or  all  the  members  of  the  Committee,  as 
the  case  may  be,  then  holding  office  and  filed  with  the  Secretary. 

article  v 

Committees 

5.3.  The  terms  of  all  officers  and  of  all  members  of  Committees,  as  provided 
for  herein,  shall  continue  until  their  successors  are  elected  or  appointed.  The 
term  of  any  member  of  a  Committee  shall  terminate  upon  termination  of  his 
service  as  Trustee. 
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ARTICLE  VI 

Financial  Administration 

6.1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a 
previous  appropriation  by  the  Board  of  Trustees,  or  as  provided  in  Section  5.8 
of  these  By-Laws. 

The  Nominating  Committee  presented  slates  of  candidates  for  the  newly  consti- 
tuted Board,  chosen  by  lot.  The  following  were  elected  for  one-year  terms:  Philip 
H.  Abelson,  Robert  0.  Anderson,  Carl  J.  Gilbert,  Robert  G.  Goelet,  Caryl  P. 
Haskins,  John  D.  Macomber,  William  McChesney  Martin,  Jr. ,  and  Charles  H.  Townes. 
For  two-year  terms  the  following  were  elected:  Lewis  M.  Branscomb,  John  Diebold, 
Gerald  M.  Edelman,  Crawford  H.  Greenewalt,  William  C.  Greenough,  William  R. 
Hewlett,  Richard  S.  Perkins,  and  Frank  Stanton.  The  following  were  elected  for 
three-year  terms:  William  T.  Coleman,  Jr.,  Edward  E.  David,  Jr.,  William  T.  Golden, 
Richard  E.  Heckert,  Antonia  Morner,  Franklin  D.  Murphy,  Robert  M.  Pennoyer, 
and  Robert  C.  Seamans,  Jr. 

William  C.  Greenough  was  elected  Vice-Chairman  of  the  Board  and  William  T. 
Golden  was  elected  Secretary  of  the  Board,  both  for  terms  ending  in  1985. 

The  following  were  elected  for  one-year  terms:  William  C.  Greenough,  as  Chair- 
man of  the  Executive  Committee;  Richard  S.  Perkins,  as  Chairman  of  the  Finance 
Committee;  Frank  Stanton,  as  Chairman  of  the  Auditing  Committee;  Lewis  M. 
Branscomb,  as  Chairman  of  the  Nominating  Committee;  and  Richard  E.  Heckert, 
as  Chairman  of  the  Employee  Benefits  Committee. 

Vacancies  in  the  Standing  Committees,  with  terms  ending  in  1985,  were  filled  as 
follows:  William  T.  Golden  was  elected  a  member  of  the  Finance  Committee,  Philip 
H.  Abelson  was  elected  a  member  of  the  Auditing  Committee,  and  Robert  G.  Goelet 
was  elected  as  member  of  the  Nominating  Committee. 

To  provide  for  the  operation  of  the  Institution  for  the  fiscal  year  ending  June  30, 
1983,  and  upon  recommendation  of  the  Executive  Committee,  the  sum  of  $13,223,871 
was  appropriated. 
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Carnegie  Institution  of  Washington 
Financial  Statements 


Footnotes  to  the  Ten- Year  Financial  Summary, 
1973-1982 

Restricted  grants  for  funds  received  from  Federal  Agencies,  Foundations,  etc.,  in  support 
of  specific  proposals  for  scientific  research  and  educational  programs. 

Many  restricted  grants  received  are  for  a  grant  period  which  may  not  coincide  with  the 
Institution's  fiscal  year.  Accordingly,  the  Ten- Year  Financial  Summary  lists  separately  the 
amount  of  grants  funds  expended  during  the  fiscal  year  and  the  change  in  unexpended  balance 
at  year's  end. 

2The  Institution  capitalizes  expenditures  for  land,  buildings,  telescopes  and  other  significant 
equipment,  and  construction  projects  in  progress.  Expenditures  for  other  equipment  are  charged 
to  current  operations  as  incurred,  and  the  cost  of  such  equipment  is  not  capitalized.  The 
Institution  follows  the  policy  of  not  depreciating  its  buildings,  telescopes,  and  significant  equip- 
ment. 

Included  in  the  Expenditures  are  purchases  of  capitalized  equipment  as  follows: 

1982  $          199,458 

1981  42,333 

1980  110,593 

1979  71,994 

1978  56,526 

1977  316,607 

1976  2,133,374 

1975  2,806,042 

1974  2,048,947 

1973  3,078,426 

Total  $     10,864,300 


During  the  report  period,  significant  items  of  capitalized  equipment  were: 

Las  Campanas — Paving  of  road  $     122,411 

Las  Campanas — Solar  heating  equipment/building  35,327 

Mount  Wilson — Improvement  of  150'  solar  tower  24,916 

Geophysical  Laboratory — Roof  79,822 

100"  Irenee  du  Pont  Telescope  7,334,379 

Plant  Biology  Building  Annex  952,767 

60"  Palomar  Telescope  800,800 

40"  Swope  Telescope  545,415 

3The  financial  statements  of  the  Institution  were  prepared  on  the  accrual  basis  of  accounting. 
Prior  to  1974,  the  Institution  used  the  cash  receipts  and  disbursements  basis  of  accounting. 
The  purpose  of  this  change  was  to  conform  with  Audit  Guides  of  the  American  Institute  of 
Certified  Public  Accountants,  which  recommend  accrual-basis  accounting  for  nonprofit  insti- 
tutions. The  differences  in  the  financial  data  on  the  accrual  basis  and  on  the  former  cash  basis 
are  not  material. 
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Financial  Statements 


Contributions,  Gifts,  and  Grants 
For  the  Year  Ended  June  30,  1982 


Anonymous  Gifts 

Neva  and  Philip  Abelson 

The  Ahmanson  Foundation 

American  Cancer  Society 

Toshi  Asada 

Henry  and  Claudine  Ator 

Manuel  N.  Bass 

Ailene  and  G.  Philip  Bauer 

Charles  Ulrick  &  Josephine  Bay  Foundation,  Inc. 

Liselotte  Beach 

Felix  Beck 

Ellis  T.  Bolton 

Louis  and  Lore  Brown 

Linda  W.  Brown,  Inc. 

David  and  Gail  Burstein 

California  State  University  Foundation 

Carnegie  Corporation  of  New  York 

Bruce  W.  Carney 

Celanese  Corporation 

The  Jane  Coffin  Childs  Memorial  Fund  for 

Medical  Research 
Lester  Cohen 

Phillip  and  Rose  A.  Cooper 
Jean  Cockrell  Cowie 
Charles  E.  Culpeper  Foundation,  Inc. 
Robert  K.  Dahlstrom 
The  Charles  A.  Dana  Foundation,  Inc. 
Louis  E.  Delanney 
John  Diebold 
Dorothy  B.  Dillin 

The  William  H.  Donner  Foundation,  Inc. 
James  and  Alma  Ebert 
Louis  B.  Flexner 
William  A.  Fowler 
R.  E.  Gibson 
Robert  G.  Goelet 
Wilbur  H.  Goss 

Crawford  and  Margaretta  Greenewalt 
William  C.  Greenough 
A.  L.  Hales 
Stanley  R.  Hart 
Caryl  and  Edna  Haskins 
Mary  Hedger 
Dan  Heinze 
H.  Lawrence  Heifer 
Edward  P.  Henderson 
Richard  W.  Hendler 
Alfred  D.  Hershey 
Earl  Ingerson 
A.  Johnson  &  Co.,  Inc. 
Paul  and  Doris  Johnson 
Kennilworth  Fund 
Bobby  Graham  Kleinholz 
Herman  S.  Kohlmeyer,  Jr. 


Alexander  Kossiakoff 

Robert  N.  Kreidler 

Charles  A.  and  Elizabeth  Little 

Soren  Lovtrup 

Richard  A.  Lux 

John  D.  &  Catherine  T.  MacArthur  Foundation 

William  McChesney  Martin 

The  McKnight  Foundation 

Henry  S.  Morgan 

Francis  L.  Moseley 

Muscular  Dystrophy  Association 

National  Aeronautics  and  Space  Administration 

National  Science  Foundation 

Office  of  Naval  Research 

Robert  R.  Newton 

Eijiro  Ozawa 

Arthur  F.  and  Jill  D.  Pasteris 

Robert  M.  Pennoyer 

George  H.  Pepper 

Richard  S.  Perkins 

Charles  J.  Peterson 

The  Pew  Memorial  Trust 

Lelah  Jean  Prothro 

Public  Health  Service 

Constance  C.  Rake 

Douglas  and  Ann  ReVelle 

Josephine  T.  Roberts 

David  Rockefeller 

Walter  A.  Rosenblith 

Damon  Runyon-Walter  Winchell  Cancer  Fund 

I.  Selwyn  Sacks 

Francis  0.  Schmitt 

Shell  Companies  Foundation,  Inc. 

Nobumichi  Shimizu 

Alfred  P.  Sloan  Foundation 

Joseph  and  Brenda  Smith 

A.  K.  Solomon 

Alan  M.  Stueber 

Henrietta  H.  Swope  Trust 

Lawrence  Taylor 

The  Teagle  Foundation  Inc. 

George  R.  Tilton 

Elwood  0.  and  Doris  E.  Titus 

M.  A.  Tuve 

Matilda  Tyler 

United  States  Agency  for  International 

Development 
United  States  Department  of  Commerce 
United  States  Department  of  Energy 
United  States  Department  of  Interior 
United  States  Steel  Foundation,  Inc. 
James  A.  Weinman 
George  W.  Wetherill 
W.  Dexter  Whitehead,  Jr. 
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Arthur  Andersen  &  Co. 

Washington,  D.  C. 


To  the  Auditing  Committee  of 

Carnegie  Institution  of  Washington: 

We  have  examined  the  statements  of  assets,  liabilities 
and  fund  balances  of  CARNEGIE  INSTITUTION  OF  WASHINGTON  (a  non- 
profit corporation  chartered  by  Act  of  the  United  States 
Congress)  as  of  June  30,  1982  and  1981,  and  the  related  state- 
ments of  income,  expenses  and  changes  in  fund  balances  for  the 
years  then  ended.   Our  examinations  were  made  in  accordance  with 
generally  accepted  auditing  standards  and,  accordingly,  included 
such  tests  of  the  accounting  records  and  such  other  auditing 
procedures  as  we  considered  necessary  in  the  circumstances. 

In  our  opinion,  the  financial  statements  referred  to 
above  present  fairly  the  assets,  liabilities  and  fund  balances  of 
Carnegie  Institution  of  Washington  as  of  June  30,  1982  and  1981, 
and  the  income,  expenses  and  changes  in  fund  balances  for  the 
years  then  ended,  in  conformity  with  generally  accepted  account- 
ing principles  applied  on  a  consistent  basis. 

Our  examinations  were  made  for  the  purpose  of  forming 
an  opinion  on  the  basic  financial  statements  taken  as  a  whole. 
The  supporting  schedules  are  presented  for  purposes  of  additional 
analysis  and  are  not  a  required  part  of  the  basic  financial 
statements.   Such  information  has  been  subjected  to  the  auditing 
procedures  applied  in  the  examination  of  the  basic  financial 
statements  and,  in  our  opinion,  is  fairly  stated  in  all  material 
respects  in  relation  to  the  basic  financial  statements  taken  as  a 
whole. 


^a£U+>   Md^^yt^ 


Washington,  D.C., 
September  1,  1982. 


719 


Carnegie  Institution  of  Washington 
Financial  Statements 


Statements  of  Assets,  Liabilities,  and  Fund  Balances 
As  of  June  30,  1982  and  1981 


1982 


1981 


Assets 

Current  Assets 

Cash 

Grants  receivable    

Accrued  income 

Advances 

Total  current  assets  

Investments*  (Schedule  5) 

United  States  Government 

Corporate  debt 

Mortgages 

Loan  and  collateral  pledge  agreement  

Corporate  stocks — preferred   

Corporate  stocks — common    

Cash  advanced  at  discretion  of  investment  advisor  . 
Adjustment  to  lower  of  cost  or  market   

Total  investments  

Plant 

Land 

Buildings 

Equipment   

Total  plant    

Total  assets    


$   425,303 

$   286,858 

235,338 

191,883 

998,702 

622,288 

27,056 

45,759 

1,686,399 

1,146,788 

12,044,011 

7,387,998 

42,636,737 

32,068,665 

228,279 

162,557 

200,000 

200,000 

274,120 

652,518 

42,318,336 

50,828,511 

(1,375,085) 

(1,942,166) 

95,759,317 

89,925,164 

999,168 

869,257 

4,041,497 

4,006,170 

10,176,499 

10,142,279 

15,217,164 

15,017,706 

$112,662,880 

$106,089,658 

Liabilities  and  Fund  Balances 

Current  Liabilities 
Appropriated 
Accounts  payable  and  accrued  expenses 

Unrestricted $        804,350 

Restricted 54,353 

Restricted  grants,  received  but  not  expended  728,375 

Total  current  liabilities    1,587,078 

Fund  Balances 
Appropriated 

Unrestricted  (Schedule  1)  2,531,279 

Unappropriated  (Schedule  2)   93,327,359 

Plant    15,217,164 

Total  fund  balances 111,075,802 

Total  liabilities  and  fund  balances  $112,662,880 


*Approximate  market  value  on  June  30,  1982:  $95,759,317;  1981:  $101,463,526. 
The  accompanying  notes  are  an  integral  part  of  these  statements. 


400,599 

15,289 

1,069,593 

1,485,481 


2,464,767 
87,121,704 
15,017,706 

104,604,177 
$106,089,658 
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Schedule  3 


Restricted  Grants 
For  the  Year  Ended  June  30,  1982 


Private  Grants 

Neva  and  Philip  Abelson  Gift 

The  Ahmanson  Foundation 

American  Cancer  Society    

American  Selco  Inc 

Atlantic  Richfield  Foundation    

California  Institute  of  Technology 

California  State  University  Foundation 

Carnegie  Corporation  of  New  York   

Charles  E.  Culpeper  Foundation,  Inc 

The  Jane  Coffin  Childs  Memorial  Fund  for 

Medical  Research 

The  Commonwealth  Fund 

The  Charles  A.  Dana  Foundation,  Inc 

The  William  H.  Donner  Foundation,  Inc 

Exxon  Educational  Foundation   

Max  C.  Fleischmann  Foundation 

John  D.  &  Catherine  T.  MacArthur  Foundation 

The  McKnight  Foundation    

The  Andrew  W.  Mellon  Foundation  

Muscular  Dystrophy  Association  

The  Pew  Memorial  Trust    

NL  Industries   

Jessie  Smith  Noyes  Foundation,  Inc 

Richard  B.  T.  Roberts 

Richard  B.  T.  Roberts  Memorial 

Vera  C.  Rubin  Gift 

Damon  Runyon- Walter  Winchell  Cancer  Fund    . 

Shell  Companies  Foundation,  Inc 

Alfred  P.  Sloan  Foundation    

The  Teagle  Foundation  Inc 

University  of  Southern  California 

University  of  Texas   

Helen  Hay  Whitney  Foundation   

Charles  Ulrick  &  Josephine  Bay  Foundation,  Inc. 
Whitehall  Foundation 

Total  private  grants  

Federal  Grants 

National  Academy  of  Sciences  

National  Aeronautics  and  Space  Administration  . 

National  Science  Foundation    

Office  of  Naval  Research 

Public  Health  Service 

The  Smithsonian  Institution 

U.S.  Agency  for  International  Development  .... 

U.S.  Department  of  Agriculture  

U.S.  Department  of  Commerce 

U.S.  Department  of  Energy 

U.S.  Department  of  Interior    

Total  Federal  grants    

Total  restricted  grants 


The  accompanying  notes  are  an  integral  part  of  this  schedule. 


Balance 

New 

Balance 

July  1,  1981 

Grants 

Expenses 

June  30,  1982 

$  15,083 

$ 

$  15,083 

$ 

135,000 

100,000 

35,000 

67,845 

80,000 

126,649 

21,196 

10,500 

7,409 

3,091 

50,000 

50,000 

11,819 

11,819 

3,976 

7,025 

11,001 

91,299 

625,000 

91,299 

625,000 

163,700 

300,000 

163,700 

300,000 

32,000 

14,750 

17,250 

75,000 

50,000 

25,000 

350,000 

216,493 

133,507 

89,000 

31,021 

57,979 

75,000 

75,000 

324,000 

8,000 

224,000 

108,000 

15,000 

10,366 

4,634 

100,000 

11,299 

88,701 

500,000 

250,000 

250,000 

15,900 

67,925 

60,329 

23,496 

100,000 

25,000 

75,000 

833 

833 

96,000 

31,880 

64,120 

2,000 

2,000 

10,050 

(10,050) 

3,500 

3,500 

40,905 

53,000 

43,505 

50,400 

10,000 

10,000 

25,000 

25,000 

35,000 

18,450 

16,550 

35,791 

(2,716) 

33,075 

1,356 

1,356 

45,688 

16,187 

29,501 

15,000 

9,375 

5,625 

58,725 

26,992 
1,725,052 

31,733 

1,822,151 

1,911,003 

2,008,102 

1,024 

1,024 

272,848 

356,712 

377,844 

251,716 

604,712 

932,981 

802,617 

735,076 

55,813 

145,430 

117,741 

83,502 

608,759 

940,893 

1,054,094 

495,558 

14,000 

3,792 

10,208 

784,608 

258,673 

525,935 

120,509 

93,421 

27,088 

20,800 

7,060 

13,740 

16,852 

138,250 

58,895 

96,207 

31,772 

76,275 

88,023 

20,024 

1,712,289 

3,409,949 

2,862,160 

2,260,078 

$3,534,440 

$5,320,952 

$4,587,212 

$4,268,180 
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Schedule  4 


Schedule  of  Expenses 
For  the  Year  Ended  June  30,  1982 


Appropriated  Funds 


Unrestricted       Restricted 


Total 


Salaries,  fringe  benefits,  payroll  taxes 

Salaries  

Fringe  benefits    

Payroll  taxes   

Total 

Fellowship  grants  

Awards,  grants,  and  honoraria   

Equipment 

Educational  and  research    

Administrative  and  operating 

Library   

Land  (improvement) 

Building  (improvement) 

Telescopes  (improvement) 

Total 

General  expenses 

Educational  and  research  supplies    . 

Building  maintenance 

Financial  advisory  service 

Administrative 

Travel    

Retiree  and  special  benefits  

General  insurance  

Publications   

Legal  and  actuarial  fees 

Commissary  

Entertainment 

Shop 

Consulting  fees    

Real  estate  taxes 

Rent 

Total 

Indirect  costs 

Total  expenses 


$4,431,929 
758,184 
321,426 

5,511,539 

229,016 

36,829 


874,230 


3,063,501 
(713,500) 


),001,615 


$1,234,973 

228,078 

78,013 

1,541,064 

425,903 

22,080 


950,880 


933,785 
713,500 

$4,587,212 


5,666,902 
986,262 
399,439 

7,052,603 

654,919 

58,909 


516,134 

915,770 

1,431,904 

104,502 

104,502 

89,967 

6,779 

96,746 

122,411 

122,411 

35,327 

35,327 

5,889 

28,331 

34,220 

1,825,110 


392,424 

783,084 

1,175,508 

758,367 

758,367 

414,442 

414,442 

512,765 

512,765 

270,418 

101,330 

371,748 

188,888 

188,888 

197,663 

197,663 

124,786 

39,005 

163,791 

32,517 

32,517 

52,229 

52,229 

42,475 

42,475 

32,223 

32,223 

26,000 

26,000 

4,873 

4,873 

13,431 

10,366 

23,797 

3,997,286 


$13,588,827 


The  accompanying  notes  are  an  integral  part  of  this  schedule. 
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Description 

United  States  Government 

United  States  Treasury  Bonds,  8.625s,  1993 
United  States  Treasury  Notes,  14.25s,  1991  . 
United  States  Treasury  Bonds,  15.75s,  2001 

Total  United  States  Government 


GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 
GNMA 


Corporate  debt 

Exxon  Credit  Corp.,  PN,  14.625s,  1982 

Exxon  Credit  Corp.,  PN,  14.75s,  1982 

FHA  Insured  Project  Loan,  Ser  #16,  7.43s,  2020  . 
FHA  Insured  Project  Loan,  Ser  #44,  7.43s,  2022  . 

FHLMC,  Group  #18028,  8s,  2010 

FHLMC,  Group  #18349,  8s,  2005 

FHLMC,  Group  #18738,  7s,  2011 

FHLMC,  Group  #18893,  8s,  2008 

Ford  Motor  Credit  Co.,  9.85s,  2004   

General  Motors  Acceptance  Corp.,  PN, 

14.375s,  1982    

GNMA,  Pool  #10332,  8s,  2006 

Pool  #10913,  8s,  2006 

Pool  #13934,  7.5s,  2006  

Series  A,  Pool  #16544,  7.5s,  2007 

Series  A,  Pool  #16944,  7.5s,  2007 

Pool  #17458,  7.5s,  2007  

Pool  #18184,  8s,  2007 

Pool  #34338,  10s,  2009 

Pool  #43002,  lis,  2010 

Pool  #44236,  13s,  2011 

Pool  #45366,  13s,  2011 

Pool  #46338,  lis,  2010   

Pool  #48101,  13s,  2011 

Pool  #51695,  12.5s,  2011   

Pool  #91807,  lis,  2010 

Pool  #91864,  lis,  2010 

Pool  #92057,  lis,  2010 

Pool  #92108,  lis,  2010 

Pool  #92322,  lis,  2010 

Pool  #92468,  lis,  2010 

Pool  #92971,  lis,  2010 

Pool  #93001,  lis,  2010 

Pool  #93641,  lis,  2010 

Pool  #94027,  12s,  2011 

Pool  #96257,  lis,  2011 

Hydro-Quebec,  Deb,  13.250s,  2010 

Merrill  Lynch  &  Co.,  Conv  Sub  Deb,  9.25s,  2005  . 

Morgan,  (J.  P.)  &  Co.  Inc.,  PN,  14.10s,  1982 

Morgan,  (J.  P.)  &  Co.  Inc.,  PN,  14.5s,  1982 


Par/Shares 


999,000 
2,500,000 
8,050,000 


Cost 


$  995,566 
2,518,450 
8,529,995 

12,044,011 


Approximate 
Market 


I  701,798 
2,478,125 
8,673,875 

11,853,798 


The  accompanying  notes  are  an  integral  part  of  this  schedule. 


105,000 

105,000 

105,000 

1,770,000 

1,770,000 

1,770,000 

11,941,650 

6,306,677 

6,388,783 

4,703,056 

2,598,439 

2,516,135 

989,515 

620,921 

603,605 

987,994 

611,322 

602,677 

2,284,599 

1,370,760 

1,330,779 

2,500,000 

1,603,125 

1,525,000 

1,000,000 

570,270 

575,000 

1,800,000 

1,800,000 

1,800,000 

712,858 

647,364 

449,992 

648,552 

588,967 

409,399 

172,818 

134,138 

105,635 

476,202 

457,533 

291,079 

629,645 

553,016 

384,871 

608,608 

395,595 

372,012 

753,560 

482,279 

475,685 

190,424 

169,300 

135,916 

96,770 

81,922 

73,667 

660,159 

564,849 

564,437 

912,141 

826,628 

779,881 

4,951,479 

4,413,006 

3,769,314 

99,267 

89,962 

84,874 

499,507 

396,484 

415,840 

1,034,888 

959,889 

756,762 

518,246 

445,746 

378,968 

520,378 

482,878 

380,526 

202,596 

144,967 

148,148 

994,165 

677,830 

726,983 

520,389 

482,890 

380,535 

829,914 

594,272 

606,875 

2,080,932 

1,789,416 

1,521,682 

515,506 

351,500 

376,964 

1,018,927 

779,847 

793,490 

519,037 

354,237 

379,546 

1,500,000 

1,492,500 

1,218,750 

600,000 

615,000 

504,000 

1,175,000 

1,175,000 

1,175,000 

1,940,000 

1,940,000 

1,940,000 
(continued) 

726 


Carnegie  Institution  of  Washington 
Financial  Statements 


Schedule  5 
2  of  3 


Schedule  of  investments,  for  the  year  ended  June  30,  1982  (continued) 


Corporate  debt  (continued) 

Protective  Corp.,  Conv  Sub  Deb,  10.00s,  2006 

Quebec  Hydro-Elec  Commission,  SF  Deb,  5.00s, 

1988   

Sears  Roebuck  Acceptance  Corp.,  PN,  14.625s,  1982- 

Total  corporate  debt 

Mortgages 

Cold  Spring  Harbor  Laboratory,  1983  

Alan  Dressier,  second  trust,  variable  interest  rate    . . 
Francois  Schweizer,  first  trust,  10.5s,  2007 

Total  mortgages    


300,000        $      310,800  $      309,000 


491,000 
2,400,000 

482,408 
2,400,000 

272,505 
2,400,000 

42,636,737 

39,799,315 

66,600 
61,853 
99,826 

66,600 
61,853 
99,826 

66,600 
61,853 
99,826 

228,279 

228,279 

Loan  and  collateral  pledge  agreement 

James  D.  and  Alma  C.  Ebert,  noninterest-bearing 
loan  to  president  secured  by  real  estate    

Corporate  stocks — preferred 

Beatrice  Foods  Co 

Corporate  stocks — common 

American  Telephone  &  Telegraph  Co 

Avnet,  Inc 

Beatrice  Foods  Co 

Borden,  Inc 

Brown-Forman  Distillers  Corp 

Brown  Group,  Inc 

CPC  International  Inc 

Caterpillar  Tractor  Co 

Cigna  Corporation 

Commonwealth  Edison  Co 

Continental  Telephone  Corp 

Dart  Industries  Inc 

Digital  Equipment  Corp 

Dominion  Bankshares  Corp 

Dresser  Industries,  Inc 

Eastman  Kodak  Co 

FMC  Corporation  

Farmers  Group  Inc 

First  Kentucky  National  Corp 

First  Union  Corp 

Flagship  Banks  Inc 

General  American  Investors  Co 

General  Foods  Corp 

General  Telephone  &  Electronics  Corp 

Gulf  Oil  Corp 

The  accompanying  notes  are  an  integral  part  of  this  schedule. 


200,000 


7,700 


200,000 


274,120 


200,000 


281,050 


23,632 

1,361,741 

1,205,232 

6,500 

261,412 

276,250 

16,000 

291,460 

310,000 

19,000 

639,965 

634,125 

20,500 

630,230 

684,188 

36,500 

1,042,871 

1,304,875 

32,500 

910,347 

1,157,813 

14,500 

941,098 

538,313 

22,681 

695,328 

771,154 

25,400 

506,824 

542,925 

59,000 

1,069,757 

958,750 

18,500 

813,690 

962,000 

7,000 

507,148 

489,125 

31,185 

435,000 

366,424 

31,500 

1,270,082 

563,063 

19,000 

1,471,413 

1,401,250 

23,000 

625,715 

575,000 

19,000 

470,250 

579,500 

12,000 

346,875 

366,000 

33,000 

693,300 

622,875 

18,000 

353,250 

400,500 

318 

4,685 

4,850 

18,000 

589,440 

679,500 

41,000 

1,249,543 

1,127,500 

28,000 

765,440 

763,000 

(continued) 
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Schedule  of  investments,  for  the  year  ended  June  30,  1982  (continued) 


Corporate  stock — common  (continued) 

Halliburton  Co 

Heublein,  Inc 

Hewlett-Packard  Co 

IU  International  Corp 

Interco  Inc 

International  Business  Machines  Corp 

Lucky  Stores  Inc 

McCormick  &  Co  Inc 

McDonald's  Corp 

Malone  &  Hyde,  Inc 

May  Department  Stores  Co 

Merrill  Lynch  &  Co. ,  Inc 

Monsanto  Company 

Norfolk  Southern  Corp 

Orbanco  Financial  Services  Corp 

Pacific  Gas  &  Electric  Co 

Pennsylvania  Power  &  Light  Co 

Philip  Morris,  Inc 

Pillsbury  Co 

Proctor  &  Gamble  Co 

Protective  Corp 

Smithkline  Beckman  Corp 

Southern  California  Edison  Co 

Stauffer  Chemical  Co 

Sun  Company,  Inc 

Tenneco  Inc 

Texaco  Inc 

U.  S.  Tobacco  Co 

United  Telecommunications,  Inc 

V.  F.  Corp 

Total  corporate  stocks — common 

Forward  commitments 

Adjustment  to  lower  of  cost  or  market   

Total  investments  

The  accompanying  notes  are  an  integral  part  of  this  schedule. 


11,500 

$   671,536 

$   323,437 

15,000 

427,914 

558,750 

33,300 

857,370 

1,415,250 

49,000 

645,331 

532,875 

16,550 

720,274 

664,069 

30,076 

1,032,176 

1,823,357 

45,000 

700,275 

585,000 

28,000 

594,441 

546,000 

12,000 

552,597 

859,500 

25,000 

662,347 

750,000 

22,000 

643,235 

591,250 

10,000 

356,000 

257,500 

20,000 

1,317,726 

1,177,500 

32,490 

1,354,111 

1,478,295 

23,500 

676,175 

472,937 

26,000 

569,609 

617,500 

38,000 

624,530 

669,750 

44,500 

1,614,925 

2,280,625 

22,500 

803,956 

869,062 

24,000 

1,830,023 

1,992,000 

14,500 

324,285 

308,125 

14,897 

972,521 

958,994 

27,000 

722,564 

823,500 

30,000 

571,900 

547,500 

25,000 

886,425 

825,000 

29,000 

1,058,944 

717,750 

28,500 

856,780 

833,625 

20,500 

696,040 

889,187 

47,000 

980,140 

822,500 

19,900 

647,322 

930,325 

42,318,336 


(1,942,166) 


$95,759,317 


43,405,375 


(8,500) 


i,759,317 
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Summary  of  Investment  Transactions 
For  the  Year  Ended  June  30,  1982 


Cash  Awaiting  Investment,  June  30,  1981 
Sales  and  Redemptions 


Capital  Gain 
Cost  (Loss),  Net 


Bonds $187,798,877  $(567,681) 

Corporate  stocks— preferred    764,950  (25,728) 

Corporate  stocks— common    36,677,067  7,367,122 

Mortgage 34,395                ^ 

Total 225,275,289  6,773,713 

Total  sales  and  redemptions 232,049,002 

Gifts  of  securities  at  fair  market  value 181,427 

Cash  advanced  at  discretion  of  investment  advisor — prior  year    (1,375,085) 

Cash  transferred  from  operating  fund   893, 181 

Total  cash  available  for  investment 231,748,525 

Acquisitions 

Cost 

Bonds $203,022,961 

Corporate  stocks — preferred    962,620 

Corporate  stocks — common    27,590,823 

Mortgage 100,000 

Total  acquisitions    231,676,404 

Cash  Awaiting  Investment,  June  30,  1982    $  72,121 

The  accompanying  notes  are  an  integral  part  of  this  schedule. 
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Notes  to  the  Financial  Statements 
June  30,  1982 

Note  1 
The  financial  statements  of  the  Institution  are  prepared  on  the  accrual  basis  of  accounting. 

Note  2 

The  Institution  capitalizes  expenditures  for  land,  buildings,  telescopes  and  other  significant 
equipment,  and  construction  projects  in  progress.  Expenditures  for  equipment  are  charged  to 
current  operations  as  incurred,  and  the  cost  of  such  other  equipment  is  not  capitalized.  The 
Institution  follows  the  policy  of  not  depreciating  its  buildings,  telescopes,  and  significant  equip- 
ment. 

Note  3 — Retirement  Plan 

The  Institution  has  a  noncontributory  money-purchase  retirement  plan  in  which  all  United 
States  personnel  are  eligible  to  participate.  Voluntary  contributions  may  also  be  made  by 
employees.  Actuarially  determined  contributions  are  funded  currently  by  the  Institution,  and 
there  are  no  unfunded  past  service  costs.  The  total  contributions  made  by  the  Institution  were 
$732,493  in  1982  and  $696,706  in  1981.  Benefits  under  the  plan  upon  retirement  are  dependent 
upon  the  investment  performance  of  the  Institution's  Retirement  Trust.  After  four  years' 
participation,  an  individual's  benefits  are  fully  vested. 

Note  U — Restricted  Grants 

Restricted  Grants  are  funds  received  from  foundations,  individuals,  and  Federal  agencies 
in  support  of  scientific  research  and  educational  programs.  The  Institution  follows  the  policy 
of  reporting  revenues  only  to  the  extent  that  reimburseable  expenditures  are  incurred.  The 
Restricted  Grants  Statement  (Schedule  3)  shows  all  of  the  current  grants. 

Note  5 — Income  Taxes 

The  Institution  is  exempt  from  Federal  income  tax  under  Section  501(c)  (3)  of  the  Internal 
Revenue  Code.  Accordingly,  no  provision  for  income  taxes  is  reflected  in  the  accompanying 
financial  statements.  The  Institution  is  also  an  educational  institution  within  the  meaning  of 
Section  170(b)(l)(A)(ii)  of  the  Code.  The  Internal  Revenue  Service  has  classified  the  Institution 
as  other  than  a  private  foundation  as  defined  in  Section  509(a)  of  the  Code. 

Note  6 — Investments 

Investments  are  carried  on  the  balance  sheet  in  the  aggregate  at  the  lower  of  cost  or  market 
value. 

The  unrealized  loss  on  investments  for  1982  represents  a  valuation  allowance  to  reduce  the 
carrying  value  of  investments  to  the  lower  of  cost  or  market  value  at  June  30,  1982.  The  cost 
basis  of  $97,701,483  of  the  portfolio  exceeded  its  aggregate  market  value  $95,759,317  by  $1,942,166 
at  June  30,  1982.  A  detailed  listing  of  all  securities  held  by  the  Institution  as  of  June  30,  1982  has 
been  included  as  Schedule  5  of  this  report. 
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JfifljHlgjjtjj  Congress  of  tjre  Inileb  States  of  America; 

git  the  Second  Jtession, 

Begun  and  held  at  the  City  of  Washington  on  Monday,  the  seventh  day  of  December,  one 
thousand  nine  hundred  and  three. 


^:nt  act 

To  incorporate  the  Carnegie  Institution  of  Washington. 


Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United 
States  of  America  in  Congress  assembled,  That  the  persons  following,  being  persons 
who  are  now  trustees  of  the  Carnegie  Institution,  namely,  Alexander  Agassiz, 
John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge,  William  N.  Frew, 
Lyman  J.  Gage,  Daniel  C.  Gilman,  John  Hay,  Henry  L.  Higginson,  William 
Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P.  Langley,  William  Lindsay,  Seth 
Low,  Wayne  MacVeagh,  Darius  0.  Mills,  S.  Weir  Mitchell,  William  W.  Morrow, 
Ethan  A.  Hitchcock,  Elihu  Root,  John  C.  Spooner,  Andrew  D.  White,  Charles 
D.  Walcott,  Carroll  D.  Wright,  their  associates  and  successors,  duly  chosen,  are 
hereby  incorporated  and  declared  to  be  a  body  corporate  by  the  name  of  the 
Carnegie  Institution  of  Washington  and  by  that  name  shall  be  known  and  have 
perpetual  succession,  with  the  powers,  limitations,  and  restrictions  herein  contained. 

Sec.  2.  That  the  objects  of  the  corporation  shall  be  to  encourage,  in  the 
broadest  and  most  liberal  manner,  investigation,  research,  and  discovery,  and 
the  application  of  knowledge  to  the  improvement  of  mankind;  and  in  particular — 

(a)  To  conduct,  endow,  and  assist  investigation  in  any  department  of 
science,  literature,  or  art,  and  to  this  end  to  cooperate  with  governments, 
universities,  colleges,  technical  schools,  learned  societies,  and  individuals. 

(b)  To  appoint  committees  of  experts  to  direct  special  lines  of  research. 

(c)  To  publish  and  distribute  documents. 

(d)  To  conduct  lectures,  hold  meetings,  and  acquire  and  maintain  a  library. 

(e)  To  purchase  such  property,  real  or  personal,  and  construct  such  building 
or  buildings  as  may  be  necessary  to  carry  on  the  work  of  the  corporation. 
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(f)  In  general,  to  do  and  perform  all  things  necessary  to  promote  the 
objects  of  the  institution,  with  full  power,  however,  to  the  trustees  hereinafter 
appointed  and  their  successors  from  time  to  time  to  modify  the  conditions  and 
regulations  under  which  the  work  shall  be  carried  on,  so  as  to  secure  the 
application  of  the  funds  in  the  manner  best  adapted  to  the  conditions  of  the  time, 
provided  that  the  objects  of  the  corporation  shall  at  all  times  be  among  the 
foregoing  or  kindred  thereto. 

Sec.  3.  That  the  direction  and  management  of  the  affairs  of  the  corporation 
and  the  control  and  disposal  of  its  property  and  funds  shall  be  vested  in  a  board 
of  trustees,  twenty-two  in  number,  to  be  composed  of  the  following  individuals : 
Alexander  Agassiz,  John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge, 
William  N.  Frew,  Lyman  J.  Gage,  Daniel  C.  Gilman,  John  Hay,  Henry 
L.  Higginson,  William  Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P. 
Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  0.  Mills, 
S.  Weir  Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcock,  Elihu  Root, 
John  C.  Spooner,  Andrew  D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright, 
who  shall  constitute  the  first  board  of  trustees.  The  board  of  trustees  shall 
have  power  from  time  to  time  to  increase  its  membership  to  not  more  than 
twenty-seven  members.  Vacancies  occasioned  by  death,  resignation,  or  otherwise 
shall  be  filled  by  the  remaining  trustees  in  such  manner  as  the  by-laws  shall 
prescribe;  and  the  persons  so  elected  shall  thereupon  become  trustees  and  also 
members  of  the  said  corporation.  The  principal  place  of  business  of  the  said 
corporation  shall  be  the  city  of  Washington,  in  the  District  of  Columbia. 

Sec.  4.  That  such  board  of  trustees  shall  be  entitled  to  take,  hold  and 
administer  the  securities,  funds,  and  property  so  transferred  by  said  Andrew 
Carnegie  to  the  trustees  of  the  Carnegie  Institution  and  such  other  funds  or 
property  as  may  at  any  time  be  given,  devised,  or  bequeathed  to  them,  or  to  such 
corporation,  for  the  purposes  of  the  trust ;  and  with  full  power  from  time  to  time  to 
adopt  a  common  seal,  to  appoint  such  officers,  members  of  the  board  of  trustees  or 
otherwise,  and  such  employees  as  may  be  deemed  necessary  in  carrying  on  the 
business  of  the  corporation,  at  such  salaries  or  with  such  remuneration  as  they  may 
deem  proper;  and  with  full  power  to  adopt  by-laws  from  time  to  time  and  such  rules 
or  regulations  as  may  be  necessary  to  secure  the  safe  and  convenient  transaction 
of  the  business  of  the  corporation;  and  with  full  power  and  discretion  to  deal 
with  and  expend  the  income  of  the  corporation  in  such  manner  as  in  their 
judgment  will  best  promote  the  objects  herein  set  forth  and  in  general  to  have 
and  use  all  powers  and  authority  necessary  to  promote  such  objects  and  carry  out 
the  purposes  of  the  donor.     The  said  trustees  shall  have  further  power  from  time 


ARTICLES     OF     INCORPORATION  733 

to  time  to  hold  as  investments  the  securities  hereinabove  referred  to  so  transferred 
by  Andrew  Carnegie,  and  any  property  which  has  been  or  may  be  transferred 
to  them  or  such  corporation  by  Andrew  Carnegie  or  by  any  other  person, 
persons,  or  corporation,  and  to  invest  any  sums  or  amounts  from  time  to  time 
in  such  securities  and  in  such  form  and  manner  as  are  permitted  to  trustees 
or  to  charitable  or  literary  corporations  for  investment,  according  to  the  laws 
of  the  States  of  New  York,  Pennsylvania,  or  Massachusetts,  or  in  such  securities 
as  are  authorized  for  investment  by  the  said  deed  of  trust  so  executed  by  Andrew 
Carnegie,  or  by  any  deed  of  gift  or  last  will  and  testament  to  be  hereafter  made 
or  executed. 

Sec.  5.  That  the  said  corporation  may  take  and  hold  any  additional 
donations,  grants,  devises,  or  bequests  which  may  be  made  in  further  support  of 
the  purposes  of  the  said  corporation,  and  may  include  in  the  expenses  thereof 
the  personal  expenses  which  the  trustees  may  incur  in  attending  meetings  or 
otherwise  in  carrying  out  the  business  of  the  trust,  but  the  services  of  the 
trustees  as  such  shall  be  gratuitous. 

Sec.  6.  That  as  soon  as  may  be  possible  after  the  passage  of  this  Act  a 
meeting  of  the  trustees  hereinbefore  named  shall  be  called  by  Daniel  C.  Gilman, 
John  S.  Billings,  Charles  D.  Walcott,  S.  Weir  Mitchell,  John  Hay,  Elihu  Root, 
and  Carroll  D.  Wright,  or  any  four  of  them,  at  the  city  of  Washington,  in 
the  District  of  Columbia,  by  notice  served  in  person  or  by  mail  addressed  to 
each  trustee  at  his  place  of  residence;  and  the  said  trustees,  or  a  majority 
thereof,  being  assembled,  shall  organize  and  proceed  to  adopt  by-laws,  to  elect 
officers  and  appoint  committees,  and  generally  to  organize  the  said  corporation; 
and  said  trustees  herein  named,  on  behalf  of  the  corporation  hereby  incorporated, 
shall  thereupon  receive,  take  over,  and  enter  into  possession,  custody,  and 
management  of  all  property,  real  or  personal,  of  the  corporation  heretofore  known 
as  the  Carnegie  Institution,  incorporated,  as  hereinbefore  set  forth  under  "An  Act 
to  establish  a  Code  of  Law  for  the  District  of  Columbia,  January  fourth,  nineteen 
hundred  and  two,"  and  to  all  its  rights,  contracts,  claims,  and  property  of  any 
kind  or  nature;  and  the  several  officers  of  such  corporation,  or  any  otber  person 
having  charge  of  any  of  the  securities,  funds,  real  or  personal,  books  or  property 
thereof,  shall,  on  demand,  deliver  the  same  to  the  said  trustees  appointed  by  this 
Act  or  to  the  persons  appointed  by  them  to  receive  the  same;  and  the  trustees 
of  the  existing  corporation  and  the  trustees  herein  named  shall  and  may  take 
such  other  steps  as  shall  be  necessary  to  carry  out  the  purposes  of  this  Act. 

Sec.  7.  That  the  rights  of  the  creditors  of  the  said  existing  corporation 
known  as  the  Carnegie  Institution  shall  not  in  any  manner  be  impaired  by  the 
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passage  of  this  Act,  or  the  transfer  of  the  property  hereinbefore  mentioned,  nor 
shall  any  liability  or  obligation  for  the  payment  of  any  sums  due  or  to  become 
due,  or  any  claim  or  domand,  in  any  manner  or  for  any  cause  existing  against 
the  said  existing  corporation,  be  released  or  impaired ;  but  such  corporation  hereby 
incorporated  is  declared  to  succeed  to  the  obligations  and  liabilities  and  to  be  held 
liable  to  pay  and  discharge  all  of  the  debts,  liabilities,  and  contracts  of  the  said 
corporation  so  existing  to  the  same  effect  as  if  such  new  corporation  had  itself 
incurred  the  obligation  or  liability  to  pay  such  debt  or  damages,  and  no  such  action 
or  proceeding  before  any  court  or  tribunal  shall  be  deemed  to  have  abated  or  been 
discontinued  by  reason  of  the  passage  of  this  Act. 

Sec.  8.  That  Congress  may  from  time  to  time  alter,  repeal,  or  modify  this 
Act  of  incorporation,  but  no  contract  or  individual  right  made  or  acquired  shall 
thereby  be  divested  or  impaired. 

Sec.  9.  That  this  Act  shall  take  effect  immediately. 


President  of  the  Senate  pro  tempore. 


By-Laws  of  the  Institution 

Adopted  December  13,  1904.  Amended  December  13,  1910,  December  13,  1912,  Decem- 
ber 10,  1937,  December  15,  1939,  December  13,  1940,  December  18,  1942,  December  12, 
1947,  December  10,  1954,  October  24,  '1957,  May  8,  1959,  May  13,  1960,  May  10,  1963, 
May  15,  1964,  March  6,  1967,  May  3,  1968,  May  14,  1971,  August  31,  1972,  May  9,  1974, 
April  30,  1976,  May  1,  1981,  and  May  7,  1982. 

ARTICLE  I 

The  Trustees 

1.1.  The  Board  of  Trustees  shall  consist  of  twenty -four  members  with  power  to  in- 
crease its  membership  to  not  more  than  twenty-seven  members. 

1.2.  The  Board  of  Trustees  shall  be  divided  into  three  classes  each  having  eight  or 
nine  members.  The  terms  of  the  Trustees  shall  be  such  that  those  of  the  members  of  one 
class  expire  at  the  conclusion  of  each  annual  meeting  of  the  Board.  At  each  annual  meet- 
ing of  the  Board  vacancies  resulting  from  the  expiration  of  Trustees'  terms  shall  be  filled 
by  their  re-election  or  election  of  their  successors.  Trustees  so  re-elected  or  elected  shall 
serve  for  terms  of  three  years  expiring  at  the  conclusion  of  the  annual  meeting  of  the 
Board  in  the  third  year  after  their  election.  A  vacancy  resulting  from  the  resignation, 
death,  or  incapacity  of  a  Trustee  before  the  expiration  of  his  term  may  be  filled  by  elec- 
tion of  a  successor  at  or  between  annual  meetings.  A  person  elected  to  succeed  a  Trustee 
before  the  expiration  of  his  term  shall  serve  for  the  remainder  of  that  term.  There  shall 
be  no  limit  on  the  number  of  terms  for  which  a  Trustee  may  serve,  and  a  Trustee  shall 
be  eligible  for  immediate  reelection  upon  expiration  of  his  term. 

1.3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

1.4.  Trustees  shall  be  elected  by  vote  of  two-thirds  of  the  Trustees  present  at  a  meet- 
ing of  the  Board  of  Trustees  at  which  a  quorum  is  present  or  without  a  meeting  by  writ- 
ten action  of  all  of  the  Trustees  pursuant  to  Section  4.6. 

1.5  If,  at  any  time  during  an  emergency  period,  there  be  no  surviving  Trustee  capable 
of  acting,  the  President,  the  Director  of  each  existing  Department,  and  the  Executive 
Officer,  or  such  of  them  as  shall  then  be  surviving  and  capable  of  acting,  shall  consti- 
tute a  Board  of  Trustees  pro  tern,  with  full  powers  under  the  provisions  of  the  Articles 
of  Incorporation  and  these  By-Laws.  Should  neither  the  President,  nor  any  such  Direc- 
tor, nor  the  Executive  Officer  be  capable  of  acting,  the  senior  surviving  Staff  Member 
of  each  existing  Department  shall  be  a  Trustee  pro  tern  with  full  powers  of  a  Trustee 
under  the  Articles  of  Incorporation  and  these  By-Laws.  It  shall  be  incumbent  on  the 
Trustees  pro  tern  to  reconstitute  the  Board  with  permanent  members  within  a  reason- 
able time  after  the  emergency  has  passed,  at  which  time  the  Trustees  pro  tern  shall 
cease  to  hold  office.  A  list  of  Staff  Member  seniority,  as  designated  annually  by  the 
President,  shall  be  kept  in  the  Institution's  records. 

1.6.  A  Trustee  who  resigns  after  having  served  at  least  six  years  and  having  reached 
age  seventy  shall  be  eligible  for  designation  by  the  Board  of  Trustees  as  a  Trustee  Emer- 
itus. A  Trustee  Emeritus  shall  be  entitled  to  attend  meetings  of  the  Board  but  shall 
have  no  vote  and  shall  not  be  counted  for  purposes  of  ascertaining  the  presence  of  a 
quorum.  A  Trustee  Emeritus  may  be  invited  to  serve  in  an  advisory  capacity  on  any 
committee  of  the  Board  except  the  Executive  Committee. 
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ARTICLE  II 

Officers  of  the  Board 

2.1.  The  officers  of  the  Board  shall  be  a  Chairman  of  the  Board,  a  Vice-Chairman,  and 
a  Secretary,  who  shall  be  elected  by  the  Trustees,  from  the  members  of  the  Board,  by 
ballot  to  serve  for  a  term  of  three  years.  All  vacancies  shall  be  filled  by  the  Board  for 
the  unexpired  term;  provided,  however,  that  the  Executive  Committee  shall  have  power 
to  fill  a  vacancy  in  the  office  of  Secretary  to  serve  until  the  next  meeting  of  the  Board  of 
Trustees. 

2.2.  The  Chairman  shall  preside  at  all  meetings  and  shall  have  the  usual  powers  of  a 
presiding  officer. 

2.3.  The  Vice-Chairman,  in  the  absence  or  disability  of  the  Chairman,  shall  perform 
the  duties  of  the  Chairman. 

2.4.  The  Secretary  shall  issue  notices  of  meetings  of  the  Board,  record  its  transactions, 
and  conduct  that  part  of  the  correspondence  relating  to  the  Board  and  to  his  duties. 

ARTICLE  III 

Executive  Administration 
The  President 

3.1.  There  shall  be  a  President  who  shall  be  elected  by  ballot  by,  and  hold  office  during 
the  pleasure  of,  the  Board,  who  shall  be  the  chief  executive  officer  of  the  Institution. 
The  President,  subject  to  the  control  of  the  Board  and  the  Executive  Committee,  shall 
have  general  charge  of  all  matters  of  administration  and  supervision  of  all  arrange- 
ments for  research  and  other  work  undertaken  by  the  Institution  or  with  its  funds.  He 
shall  prepare  and  submit  to  the  Board  of  Trustees  and  to  the  Executive  Committee 
plans  and  suggestions  for  the  work  of  the  Institution,  shall  conduct  its  general  corre- 
spondence and  the  correspondence  with  applicants  for  grants  and  with  the  special  ad- 
visors of  the  Committee,  and  shall  present  his  recommendations  in  each  case  to  the  Ex- 
ecutive Committee  for  decision.  All  proposals  and  requests  for  grants  shall  be  referred 
to  the  President  for  consideration  and  report.  He  shall  have  power  to  remove,  appoint, 
and,  within  the  scope  of  funds  made  available  by  the  Trustees,  provide  for  compensa- 
tion of  subordinate  employees  and  to  fix  the  compensation  of  such  employees  within 
the  limits  of  a  maximum  rate  of  compensation  to  be  established  from  time  to  time  by 
the  Executive  Committee.  He  shall  be  ex  officio  a  member  of  the  Executive  Committee. 

3.2.  He  shall  be  the  legal  custodian  of  the  seal  and  of  all  property  of  the  Institution 
whose  custody  is  not  otherwise  provided  for.  He  shall  sign  and  execute  on  behalf  of  the 
corporation  all  contracts  and  instruments  necessary  in  authorized  administrative  and 
research  matters  and  affix  the  corporate  seal  thereto  when  necessary,  and  may  delegate 
the  performance  of  such  acts  and  other  administrative  duties  in  his  absence  to  the  Ex- 
ecutive Officer.  He  may  execute  all  other  contracts,  deeds,  and  instruments  on  behalf 
of  the  corporation  and  affix  the  seal  thereto  when  expressly  authorized  by  the  Board  of 
Trustees  or  Executive  Committee.  He  may,  within  the  limits  of  his  own  authorization, 
delegate  to  the  Executive  Officer  authority  to  act  as  custodian  of  and  affix  the  corpo- 
rate seal.  He  shall  be  responsible  for  the  expenditure  and  disbursement  of  all  funds  of 
the  Institution  in  accordance  with  the  directions  of  the  Board  and  of  the  Executive 
Committee,  and  shall  keep  accurate  accounts  of  all  receipts  and  disbursements.  Follow- 
ing approval  by  the  Executive  Committee  he  shall  transmit  to  the  Board  of  Trustees 
before  its  annual  meeting  a  written  report  of  the  operations  and  business  of  the  Institu- 
tion for  the  preceding  fiscal  year  with  his  recommendations  for  work  and  appropria- 
tions for  the  succeeding  fiscal  year. 

3.3.  He  shall  attend  all  meetings  of  the  Board  of  Trustees. 

3.4.  There  shall  be  an  officer  designated  Executive  Officer  who  shall  be  appointed  by 
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and  hold  office  at  the  pleasure  of  the  President,  subject  to  the  approval  of  the  Execu- 
tive Committee.  His  duties  shall  be  to  assist  and  act  for  the  President  as  the  latter  may 
duly  authorize  and  direct. 

3.5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he  be- 
comes sixty-five  years  of  age. 


ARTICLE   IV 

Meetings  and  Voting 

4.1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of  Wash- 
ington, in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  fixed  by  the  Execu- 
tive Committee,  or  at  such  other  time  or  such  other  place  as  may  be  designated  by  the 
Executive  Committee,  or  if  not  so  designated  prior  to  May  1  of  such  year,  by  the  Chair- 
man of  the  Board  of  Trustees,  or  if  he  is  absent  or  is  unable  or  refuses  to  act,  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 

4.2.  Special  meetings  of  the  Board  of  Trustees  may  be  called,  and  the  time  and  place 
of  meeting  designated,  by  the  Chairman,  or  by  the  Executive  Committee,  or  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 
Upon  the  written  request  of  seven  members  of  the  Board,  the  Chairman  shall  call  a  spe- 
cial meeting. 

4.3.  Notices  of  meetings  shall  be  given  ten  days  prior  to  the  date  thereof.  Notice  may 
be  given  to  any  Trustee  personally,  or  by  mail  or  by  telegram  sent  to  the  usual  address 
of  such  Trustee.  Notices  of  adjourned  meetings  need  not  be  given  except  when  the  ad- 
journment is  for  ten  days  or  more. 

4.4.  The  presence  of  a  majority  of  the  Trustees  holding  office  shall  constitute  a  quorum 
for  the  transaction  of  business  at  any  meeting.  An  act  of  the  majority  of  the  Trustees 
present  at  a  meeting  at  which  a  quorum  is  present  shall  be  the  act  of  the  Board  except 
as  otherwise  provided  in  these  By-Laws.  If,  at  a  duly  called  meeting,  less  than  a  quo- 
rum is  present,  a  majority  of  those  present  may  adjourn  the  meeting  from  time  to  time 
until  a  quorum  is  present.  Trustees  present  at  a  duly  called  or  held  meeting  at  which  a 
quorum  is  present  may  continue  to  do  business  until  adjournment  notwithstanding  the 
withdrawal  of  enough  Trustees  to  leave  less  than  a  quorum. 

4.5.  The  transactions  of  any  meeting,  however  called  and  noticed,  shall  be  as  valid  as 
though  carried  out  at  a  meeting  duly  held  after  regular  call  and  notice,  if  a  quorum  is 
present  and  if,  either  before  or  after  the  meeting,  each  of  the  Trustees  not  present  in 
person  signs  a  written  waiver  of  notice,  or  consent  to  the  holding  of  such  meeting,  or 
approval  of  the  minutes  thereof.  All  such  waivers,  consents,  or  approvals  shall  be  filed 
with  the  corporate  records  or  made  a  part  of  the  minutes  of  the  meeting. 

4.6.  Any  action  which,  under  law  or  these  By-Laws,  is  authorized  to  be  taken  at  a 
meeting  of  the  Board  of  Trustees  or  any  of  the  Standing  Committees  may  be  taken 
without  a  meeting  if  authorized  in  a  document  or  documents  in  writing  signed  by  all  the 
Trustees,  or  all  the  members  of  the  Committee,  as  the  case  may  be,  then  holding  office 
and  filed  with  the  Secretary. 

4.7.  During  an  emergency  period  the  term  "Trustees  holding  office"  shall,  for  pur- 
poses of  this  Article,  mean  the  surviving  members  of  the  Board  who  have  not  been  ren- 
dered incapable  of  acting  for  any  reason  including  difficulty  of  transportation  to  a  place 
of  meeting  or  of  communication  with  other  surviving  members  of  the  Board. 


article  v 

Committees 

5.1.  There  shall  be  the  following  Standing  Committees,  viz.  an  Executive  Committee, 
a  Finance  Committee,  an  Auditing  Committee,  a  Nominating  Committee,  and  an  Em- 
ployee Benefits  Committee. 
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5.2.  All  vacancies  in  the  Standing  Committees  shall  be  filled  by  the  Board  of  Trust- 
ees at  the  next  annual  meeting  of  the  Board  and  may  be  filled  at  a  special  meeting  of 
the  Board.  A  vacancy  in  the  Executive  Committee  and,  upon  request  of  the  remaining 
members  of  any  other  Standing  Committee,  a  vacancy  in  such  other  Committee  may  be 
filled  by  the  Executive  Committee  by  temporary  appointment  to  serve  until  the  next 
meeting  of  the  Board. 

5.3.  The  terms  of  all  officers  and  of  all  members  of  Committees,  as  provided  for  herein, 
shall  continue  until  their  successors  are  elected  or  appointed.  The  term  of  any  member 
of  a  Committee  shall  terminate  upon  termination  of  his  service  as  a  Trustee. 

Executive  Committee 

5.4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and 
Secretary  of  the  Board  of  Trustees,  the  President  of  the  Institution  ex  officio,  and,  in 
addition,  not  less  than  five  or  more  than  eight  Trustees  to  be  elected  by  the  Board  by 
ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election.  Any  member  elected 
to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  presence  of 
four  members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of 
business  at  any  meeting. 

5.5.  The  Executive  Committee  shall,  when  the  Board  is  not  in  session  and  has  not 
given  specific  directions,  have  general  control  of  the  administration  of  the  affairs  of  the 
corporation  and  general  supervision  of  all  arrangements  for  administration,  research, 
and  other  matters  undertaken  or  promoted  by  the  Institution.  It  shall  also  submit  to 
the  Board  of  Trustees  a  printed  or  typewritten  report  of  each  of  its  meetings,  and  at  the 
annual  meeting  shall  submit  to  the  Board  a  report  for  publication. 

5.6.  The  Executive  Committee  shall  have  power  to  authorize  the  purchase,  sale,  ex- 
change, or  transfer  of  real  estate. 

Finance  Committee 

5.7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who 
shall  be  eligible  for  re-election.  The  presence  of  three  members  of  the  Committee  shall 
constitute  a  quorum  for  the  transaction  of  business  at  any  meeting. 

5.8.  The  Finance  Committee  shall  have  custody  of  the  securities  of  the  Institution  and 
general  charge  of  its  investments  and  invested  funds  and  shall  care  for  and  dispose  of 
the  same  subject  to  the  directions  of  the  Board  of  Trustees.  It  shall  have  power  to  au- 
thorize the  purchase,  sale,  exchange,  or  transfer  of  securities  and  to  delegate  this  power. 
So  long  as  the  Institution  is  the  trustee  under  any  retirement  or  other  benefit  plan  for 
the  staff  members  and  employees  of  the  Institution,  it  shall  be  responsible  for  super- 
vision of  matters  relating  to  investments  thereunder  and  for  the  appointment  or  re- 
moval of  any  investment  manager  or  advisor.  It  shall  also  be  responsible  for  reviewing 
the  financial  status  and  arrangements  of  any  employee  benefit  plan  for  which  the  Insti- 
tution is  not  the  trustee  and  for  appointment  or  removal  of  any  plan  trustee  or  insur- 
ance carrier.  It  shall  consider  and  recommend  to  the  Board  from  time  to  time  such  mea- 
sures as  in  its  opinion  will  promote  the  financial  interests  of  the  Institution  and  improve 
the  management  of  investments  under  any  retirement  or  other  benefit  plan.  The  Com- 
mittee shall  make  a  report  at  the  annual  meeting  of  the  Board. 

Auditing  Committee 

5.9.  The  Auditing  Committee  shall  consist  of  three  members  to  be  elected  by  the 
Board  of  Trustees  by  ballot  for  a  term  of  three  years. 

5.10.  Before  each  annual  meeting  of  the  Board  of  Trustees,  the  Auditing  Committee 
shall  cause  the  accounts  of  the  Institution  for  the  preceding  fiscal  year  to  be  audited  by 
public  accountants.  The  accountants  shall  report  to  the  Committee,  and  the  Committee 
shall  present  said  report  at  the  ensuing  annual  meeting  of  the  Board  with  such  recom- 
mendations as  the  Committee  may  deem  appropriate. 
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Nominating  Committee 

5.1 1.  The  Nominating  Committee  shall  consist  of  the  Chairman  of  the  Board  of  Trust- 
ees ex  officio  and,  in  addition,  three  Trustees  to  be  elected  by  the  Board  by  ballot  for  a 
term  of  three  years,  who  shall  not  be  eligible  for  re-election  until  after  the  lapse  of  one 
year.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  prede- 
cessor's term,  provided  that  of  the  Nominating  Committee  first  elected  after  adoption 
of  this  By-Law  one  member  shall  serve  for  one  year,  one  member  shall  serve  for  two 
years,  and  one  member  shall  serve  for  three  years,  the  Committee  to  determine  the  re- 
spective terms  by  lot. 

5.12.  Sixty  days  prior  to  an  annual  meeting  of  the  Board  the  Nominating  Committee 
shall  notify  the  Trustees  by  mail  of  the  vacancies  to  be  filled  in  membership  of  the 
Board.  Each  Trustee  may  submit  nominations  for  such  vacancies.  Nominations  so  sub- 
mitted shall  be  considered  by  the  Nominating  Committee,  and  ten  days  prior  to  the  an- 
nual meeting  the  Nominating  Committee  shall  submit  to  members  of  the  Board  by  mail 
a  list  of  the  persons  so  nominated,  with  its  recommendations  for  filling  existing  vacan- 
cies on  the  Board  and  its  Standing  Committees.  No  other  nominations  shall  be  received 
by  the  Board  at  the  annual  meeting  except  with  the  unanimous  consent  of  the  Trustees 
present. 

Employee  Benefits  Committee 

5.13.  The  Employee  Benefits  Committee  shall  consist  of  not  less  than  three  and  not 
more  than  four  members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of 
three  years,  who  shall  be  eligible  for  re-election,  and  the  Chairman  of  the  Finance  Com- 
mittee ex  officio.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder  of 
his  predecessor's  term. 

5.14.  The  Employee  Benefits  Committee  shall,  subject  to  the  directions  of  the  Board 
of  Trustees,  be  responsible  for  supervision  of  the  activities  of  the  administrator  or  ad- 
ministrators of  any  retirement  or  other  benefit  plan  for  staff  members  and  employees 
of  the  Institution,  except  that  any  matter  relating  to  investments  or  to  the  appoint- 
ment or  removal  of  any  trustee  or  insurance  carrier  under  any  such  plan  shall  be  the  re- 
sponsibility of  the  Finance  Committee.  It  shall  receive  reports  from  the  administrator 
or  administrators  of  the  employee  benefit  plans  with  respect  to  administration,  bene- 
fit structure,  operation,  and  funding.  It  shall  consider  and  recommend  to  the  Board 
from  time  to  time  such  measures  as  in  its  opinion  will  improve  such  plans  and  the  ad- 
ministration thereof.  The  Committee  shall  submit  a  report  to  the  Board  at  the  annual 
meeting  of  the  Board. 


ARTICLE  VI 

Financial  Administration 

6.1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a  previous 
appropriation  by  the  Board  of  Trustees,  or  as  provided  in  Section  5.8  of  these  By-Laws. 

6.2.  The  fiscal  year  of  the  Institution  shall  commence  on  the  first  day  of  July  in  each 
year. 

6.3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a  full 
statement  of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year  and  a 
detailed  estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

6.4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general 
appropriations  for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent 
the  Board  of  Trustees  from  making  special  appropriations  at  any  meeting. 

6.5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all  appropria- 
tions made  by  the  Board.  Following  the  annual  meeting,  the  Executive  Committee  may 
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allocate  these  appropriations  for  the  succeeding  fiscal  year.  The  Committee  shall  have 
full  authority  to  reallocate  available  funds,  as  needed,  and  to  transfer  balances. 

6.6.  The  securities  of  the  Institution  and  evidences  of  property,  and  funds  invested 
and  to  be  invested,  shall  be  deposited  in  such  safe  depository  or  in  the  custody  of  such 
trust  company  and  under  such  safeguards  as  the  Finance  Committee  shall  designate, 
subject  to  directions  of  the  Board  of  Trustees.  Income  of  the  Institution  available  for 
expenditure  shall  be  deposited  in  such  banks  or  depositories  as  may  from  time  to  time 
be  designated  by  the  Executive  Committee. 

6.7.  Any  trust  company  entrusted  with  the  custody  of  securities  by  the  Finance 
Committee  may,  by  resolution  of  the  Board  of  Trustees,  be  made  Fiscal  Agent  of  the 
Institution,  upon  an  agreed  compensation,  for  the  transaction  of  the  business  coming 
within  the  authority  of  the  Finance  Committee. 

6.8.  The  property  of  the  Institution  is  irrevocably  dedicated  to  charitable  purposes, 
and  in  the  event  of  dissolution  its  property  shall  be  used  for  and  distributed  to  those 
charitable  purposes  as  are  specified  by  the  Congress  of  the  United  States  in  the  Articles 
of  Incorporation,  Public  Law  No.  260,  approved  April  28,  1904,  as  the  same  may  be 
amended  from  time  to  time. 

ARTICLE  VII 

Amendment  of  By-Laws 

7.1.  These  By-Laws  may  be  amended  at  any  annual  or  special  meeting  of  the  Board 
of  Trustees  by  a  two-thirds  vote  of  the  members  present,  provided  written  notice  of  the 
proposed  amendment  shall  have  been  served  personally  upon,  or  mailed  to  the  usual  ad- 
dress of,  each  member  of  the  Board  twenty  days  prior  to  the  meeting. 
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